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Abstract 
This thesis provides the results of research that has been carried out in order to 
develop the microstrip patch antennas required by a high speed digital communication 
link for road traffic applications. The operating frequency is 5.8GHz. 
Although a single compact broad band radiating element is developed for use within 
the vehicle, the main focus of the research is increasing the frequency bandwidth of 
the antenna arrays used within the road side unit of such a system. This is achieved by 
investigation into radiating element design, the orientation of the radiating elements 
within the array and the arrays feed networks geometry. 
A single layer circularly polarised dual feed microstrip patch antenna is optimised for 
use within the array. Using a genetic algorithm to aid design of the dual feed network, 
the input impedance at the dual feed point is increased beyond what can normally be 
achieved when a tradition design process is adopted. This results in a more compact 
structure that allows thinner tracks to be used in the arrays feed network. 
These radiating elements are sequentially rotated to form the array. The traditional 
corporate feed network is replaced by a series feed network and the effect this has 
upon the performance of a two, three and four element array is investigated. The four 
element array is suited to a vehicle access control application; due to the complexity 
the feed network an adaptation of simulated annealing is required to both generate and 
optimise the series feed line sections of this array. Not only does the new series 
feeding method result in doubling the VSWR 2: 1 bandwidth of the four element array 
to over 10%, it also produces a more compact structure. Both mathematical modelling 
and experimental measurement are used to confirm the performance of these new 
arrays. 
The four element array is then sequentially rotated to form a larger sixteen element 
array, that adopts the same series feeding method, suitable for motorway tolling 
applications. This new array demonstrates a VSWR 2:1 bandwidth of 14.7% and a 3 
dB axial ratio bandwidth of 12.4%, an improvement factor of two over the same array 
using a traditional corporate feed. The side lobes of this larger array are reduced by 
modifying the power distribution within the series feed network. 
A single compact circularly polarised wide band microstrip patch antenna for use 
within the in-vehicle equipment is developed using an adaptation of the cavity model. 
The radiating patch is excited by a single feed line via a cross slot aperture. Air is 
used for the antenna substrate, increasing frequency bandwidth while simplifying the 
fabrication process hence reducing the manufacturing costs of the in-vehicle 
equipment. The inclusion of the wide band radiating element within the series fed four 
element array is also investigated. This new structure results in a VSWR 2:1 
bandwidth of at least 22.8% and 3 dB axial ratio bandwidth of 17.5%, a significant 
improvement over traditional designs. 
As a result of this research papers have been published in the lEE Electronic Letters 
(2000), the lEE Electronic Letters (2003) and Microwave and Optical Technology 
Letters (2003). Papers have been accepted and presentations have been made at the 
Ansoft microwave workshop in London (2001) and Los Angeles (2001). This work 
has also contributed towards publications in the lEE Electronic Letters (2000) and in 
the lEE Transactions on Antenna and Propagation (2001). 
The antenna arrays developed during the course of this research have been used 
within a commercially viable traffic management system and installed at a large 
shopping centre. It is pleasing to note that the fruits of this research have been used in 
a 'real life' situation. 
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CHAPTER 1 
INTRODUCTION AND OVERVIEW OF THESIS 
1.1 Background 
Throughout the developed world there has been a large increase in road use which in 
turn has led to an increase in both road traffic congestion and driver frustration. This 
also raises environmental concerns about the increased demand for new roads and the 
amount of pollution generated by grid-locked vehicles. 
Within the United Kingdom the car population is likely to increase by up to 50% in 
the next thirty years [1] increasing the congestion on already overcrowded 
motorways. This is not only confined to motorways; for many years now, in response 
to urban congestion, there has been a trend towards pedestrianised 'car free' city 
centers and park and ride schemes. Further, in the 2000 Transport Act and the 
integrated transport white paper July 1998 that gave rise to it, there is a requirement 
for local authorities to further reduce traffic in urban areas by at least 10%. 
Pedestrianised city centers will require some form of automated access control for 
emergency vehicles, public transport, taxis and deliveries. In addition, there is 
commercial interest in vehicle access control for automated car parks used by 
universities, hotels and other private and public authorities. The requirement for 
access control extends further to restricted areas within secure installations such as 
government buildings, police stations and MOD sites. 
Consequently, traffic management systems are required to optimise traffic flow 
through some form of fee collection, redistributing traffic from congested areas, 
allowing access or priority travel for public services in urban environments and also 
producing traffic information so that drivers can avoid, not contribute to, traffic 
congestion [2]. 
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Currently, the most popular method for automatic fee collection is a two-way high 
speed Digital Short Range Communication link (DSRC) between a On Board Unit 
(OBU) placed behind the windscreen of a vehicle and a Road Side Unit (RSU) [3] as 
seen in Figure 1-1. 
RSU 
---~...,... 
c:::: _o!~~~ =~~=~ ~ _~: ?- Communication Zone 
HOST COMPUTER 
Figure 1-1: Vehicle DSRC system. 
The DSRC system uses a 5.8 GHz microwave carrier frequency allocated by the 
Conference of Europe Posts and Telecommunications (CEPT) for road transport and 
traffic applications. Circular polarisation is used as it allows the OBU to be placed in 
any orientation behind the windscreen and helps to discriminate between reflected 
signals. As the vehicle enters the communication zone the OBU wakes from a low 
power sleep state and transmits a unique ID to the RSU. This ID is sent to a back 
office for data processing enabling some form of fee collection. A fully 
comprehensive description of the DSRC traffic management system can be found in 
Appendix A. 
Within the UK road user charging has been mainly restricted to tunnels and bridges. 
However the first urban toll was introduced in Durham City during 2002 and the 
UK's first implementation of motorway tolling occurred on a 27 mile duplicate 
section of the M6 motorway which connects Junction 11 in Staffordshire with 
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Junction 4 in Warwickshire in December 2003. Furthermore, the Department for 
Transport is currently running an extensive DSRC test trial near Leeds to assess the 
feasibility of implementing full scale road user charging on UK motorways. 
Globally, there has already been a large increase in the use of DSRC for road user 
charging; both in direct response to rising congestion and automating existing toll 
collection facilities [4]. This in turn has led to a great deal of recent academic research 
[5,6,7,8] and commercial interest in this area. 
The development of traffic management systems has been of particular interest at the 
University of North umbria at Newcastle for some time. In June 1994, Tak Kong Chan 
presented a thesis entitled 'Development of a two-way microwave communication 
system for traffic applications' [9]. This detailed the results of research that had been 
carried out in order to realise a DSRC system suitable for motorway tolling. A basic 
system was developed, including a circularly polarised 4x4 planar patch antenna array 
for use in the RSU. The effects of mutual coupling and investigation into side lobe 
levels were presented. The antennas used in this system had limited frequency 
bandwidth. In 1997 in 'Modelling and application of a cross aperture coupled single 
feed circularly polarised patch antenna' [10], Tamas Valasit presented research that 
had been carried out in order to increase the bandwidth of the OBU's antenna using a 
single cross slot aperture coupled patch antenna, operating at 2.4GHz. A strip slot 
foam inverted patch construction method was used to improve the axial ratio 
bandwidth performance and loosen the requirement for tight manufacturing 
tolerances. However this new multi-layer structure increased manufacturing 
complexity leading to an increase in fabrication cost. For future work he suggested, 
inter alia, using air for the antenna's substrate with the OBU's plastic case as the 
patch's superstructure and cross aperture coupled patch arrays. 
Today, there are two distinct application scenarios: vehicle access control and 
motorway tolling. In a vehicle access control application, there is a logistical 
requirement for the range between the OBU and the RSU to be restricted to the length 
of one vehicle. Furthermore a wider communication zone is advantageous as lane 
discipline cannot always be guaranteed at a barrier entry. For motorway use, greater 
range is required allowing the RSU to be mounted above the carriageway on an 
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overhead gantry. In a motorway application it is also important that the 
communication zone is restricted to a single lane. 
While a common OBU is preferred for both applications, the communication zone 
requirements differ. These requirements can be satisfied using RSU antenna arrays 
that meet the specifications defined in Table 1-1. 
OBU 3 dB Operating Main/ Side 
RSU Application Gain 
Read range Beam width frequency lobe isolation 
Access control 5 meters 40 degrees 5.8 GHz 12 dBi 12 dB 
Motorway tolling 12 meters 20 degrees 5.8 GHz 18 dBi 20 dB 
Table 1-1: Specification for RSU antenna arrays. 
The microstrip patch antenna is an attractive choice for use within a traffic 
management system due to the low profile, physically robust structure and ease of 
manufacture. Moreover, the required beam shape for each application may be readily 
achieved using different arrays of microstrip elements. 
A significant disadvantage of microstrip antennas is the narrow operational 
bandwidth, which increases fabrication costs due to the requirement for tighter 
manufacturing tolerances. Furthermore, a DSRC traffic management system with a 
narrow operational bandwidth will lack long term stability, be less tolerant to varying 
environmental conditions and more sensitive to the de-tuning effect of the vehicle's 
windscreen. This leads to a reduction in system reliability, which is unacceptable in 
this application since financial transactions are involved. Therefore, this thesis 
investigates new microstrip antenna structures with enhanced frequency bandwidth 
performance for use within the RSU and the OBU of a traffic management system. 
A novel array feed structure, employing sequential rotation with serial feed, is 
proposed and investigated. Physical or sequential rotation of radiating elements within 
a circularly polarised array, with an appropriate offset in feed phase, has been shown 
to increase array bandwidth [11]. This technique can be applied to the arrays used 
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within the RSU. It has been shown that a dominant factor affecting the performance of 
such an array is the relationship between internal reflections within the feed network 
of the array [12]. The relationship between these internal reflections is highly 
dependant upon the particular choice of feed geometry. Previous research into using 
this technique has been directed towards arrays employing some form of corporate 
feed network. Series feed networks have the advantage of being less complex, more 
compact, having lower insertion loss, and lower line losses when compared to 
corporate feeds [13]. Traditionally, a series fed array exhibits a narrower frequency 
bandwidth than a corporate fed array, as the distance between each radiating element 
and the feed point is not equal. However, the unequal feed length also applies to a 
corporate feed when used in sequentially rotated array because of the requirement for 
phase delays in radiating element excitation. Therefore this thesis investigates the 
frequency performance of a new sequentially rotated array using a series feeding 
system. 
The use of an aperture coupled antenna structure to enhance the bandwidth of the 
radiating element in the OBU is also investigated. As the OBU is mounted behind the 
windscreen of a vehicle, it needs to be compact and have a low profile to avoid 
obscuring the driver's view. Due to the close proximity of the vehicle's windscreen 
and unpredictable environmental conditions, robust frequency performance is required 
to ensure reliable operation. These requirements can be satisfied by a single 
broadband antenna. Aperture coupling results in the antenna having a wider 
bandwidth [14,15]. A further advantage of aperture coupling is that it is possible to 
optimise the radiation mechanism by using a low permittivity material for the antenna 
substrate and high permittivity low loss material for the feed network [16]. This thesis 
considers the modelling and design of a 5.8GHz single feed circular polarised cross 
aperture coupled antenna, where the radiating patch is supported above the aperture 
using the OBU's enclosure, allowing the use of air for the antenna's substrate while 
simplifying the manufacturing process. The potential to apply the cross aperture 
coupled antenna within the series fed sequentially rotated array is also explored. 
1.2 Aims and objectives 
The aim of this research is to increase the frequency bandwidth of the antennas used 
in a 5.8 GHz DSRC system. This will be achieved by developing two novel arrays for 
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use within the RSU that satisfy the two application scenarios and a single broadband 
element for use within the OBU. 
This will involve: 
• Optimising the design of a planar dual feed circular polarised radiating 
element for use in the RSU arrays. 
• Investigating the benefit of using a series feeding system in sequentially 
rotated arrays for bandwidth enhancement. 
• Optimising the design of a four-element series fed sequentially rotated array 
for use in a RSU suited to an access control application. 
• Sequentially rotating this four element array to form a larger 16 element array, 
which shares the same series feeding technique, suited to a motorway tolling 
application. 
• Developing a single broadband radiating element for use within the OBU 
operating at 5.8 GHz using air for the antenna substrate. 
1.3 Overview of thesis 
This thesis contains a total of nine chapters. Microstrip patch antennas are introduced 
in Chapter 2 where a brief historical background and review of current research into 
this area is presented. The radiation mechanism is described and the various excitation 
techniques identified and appraised. Circular polarisation is presented and methods for 
its generation described. The various operational parameters of patch antenna are 
presented with other issues of interest to an antenna designer such as losses. 
Techniques for modelling patch antenna are introduced, these cover both simple 
models that give a good physical insight into the operation of the antenna and the 
more complex modelling and simulation techniques that can provide a higher degree 
of accuracy. Microstrip arrays are introduced and the advantages and disadvantages of 
various feed geometries discussed. The principle of sequential rotation of radiating 
elements within arrays is described including a literature survey of current research in 
this area. 
Chapter 3 studies the optimised design of a dual feed circularly polarised patch 
antenna for use in an array. A traditional dual feed design approach is detailed 
including the various design equations necessary for determining the dimensions of 
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the radiating patch and the realisation of the microstrip feed line sections that make up 
the dual feed network. A model for the antenna is developed using a transmission line 
model to represent the radiating patch and the dual feed network. Physical restrictions 
within the traditional design approach are identified and the consequences of these 
upon the antenna quantified. A genetic algorithm is then used to optimise the design 
parameters of the dual feed network, increasing the input impedance at the feed point 
of the antenna beyond what is traditionally possible, making it more desirable for use 
in an array as thinner tracks can be used within the array's feed network. Undesirable 
step discontinuities between the feed sections are also minimised. This work has 
contributed towards an lEE Electronic Letter that presents the use of a genetic 
algorithm to optimise the design of the dual feed network [17]. Experimental 
measurement validate the integrity of the model and this optimised design. 
In Chapter 4, modelling and experimental work provide the basis for an investigation 
into the frequency performance of sequentially rotated arrays that employ a series 
feeding system. The concept of sequential rotation is presented with current generic 
mathematical models used to assess potential array performance. It is shown that these 
models are inadequate as they do not cater for specific array geometry which is shown 
to have a significant effect on array performance. The design and frequency 
performance of two, three and four element series fed sequentially rotated arrays are 
presented. A comparison is made between the performance of these arrays using the 
new series feed structure and the same arrays using a more traditional corporate 
feeding system. Comparative performance between the use of both dual and single fed 
radiating elements in the series fed arrays is also assessed and quantified. 
Experimental measurement validates the integrity of the model and verifies the 
performance of the new series fed arrays. 
Chapter 5 concentrates on the optimal design of a four-element series fed array 
suitable for use within the RSU in an access control application. The large number of 
feed design variables makes manual generation of these variables problematic. An 
adaptation of Simulated Annealing (SA) is developed to both generate and optimise 
the values of the individual feed sections. Optimum choice of dual feed radiating 
element in this array is assessed by comparing the performance of the optimised 
design presented in Chapter 3 with a traditional dual feed design. As a direct result of 
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this work an lEE Electronic Letter that presents the optimisation of the series feed 
network has been published [18]. The perfonnance of the optimised four element 
array is confinned using both full wave simulation and practical measurement. 
In Chapter 6 a larger sixteen element antenna array for use within the RSU in a 
motorway tolling application is presented. The optimised 2x2 sub-arrays presented in 
Chapter 5 are themselves sequentially rotated to fonn a larger sixteen element 4x4 
array that adopts the same series feeding method. Radiation pattern control is 
achieved by varying the distribution of power across the array. The resulting reduction 
in side lobes helps restrict the communication zone of the RSU to a single lane. As a 
direct result of this work an lEE Electronic Letter that presents the perfonnance of 
this new 4x4 array has been published [19]. Full wave simulation and experimental 
measurement confinn the perfonnance of this new array. 
Chapter 7 presents the design of a single broadband radiating element suited for use 
within the OBU. Energy from a microstrip feed line is coupled through a cross-shaped 
aperture to a nearly square patch. A low loss material is used for the feed substrate 
and air is used as a thicker low pennittivity antenna substrate allowing the radiating 
patch to be supported by the OBU's enclosure. An adaptation of the cavity model is 
used to aid and optimise this design. This work has contributed to a paper published in 
the lEE Transactions on Antennas and Propagation that presents this model [20]. This 
broadband radiating element is then used within the four element array presented in 
Chapter 4 and the resulting frequency perfonnance quantified. A paper detailing the 
perfonnance of this new wideband array has been published in the Microwave and 
Optical Technology Letters [21]. The integrity of this novel design is confinned by 
both full-wave simulation and experimental measurement. 
In Chapter 8 a review and summary of this research work is presented along with 
suggestions for further work. 
8 
1.4 Summary of published work 
1. Aljibouri B., Lim E.G., Evans H, and Sambell A. 'Multiobjective genetic algorithm 
approach for a dual feed circular polarised patch antenna design', Electron. Lett. vol 
36, No 12, pp.1005-1006, March 2000. 
2. Evans H., Gale P., Aljibouri B., Lim E.G., Korolkiewicz E and Sambell 
A.:' Application of simulated annealing to the design of serial feed sequentially rotated 
2x2 antenna array' , Electron. Lett., vol 36, No 24, pp.1987 -1988, November 2000. 
3. Evans H.:'Performance and application ofa 5.8GHz 2x2 sequentially rotated patch 
array with a serial feed'. Ansoft 'No Boundries' microwave workshop, Bracknell, 
October 2000. 
4. Evans H.:'Optimum Design of a Sequentially Rotated 2x2 Circular Polarised Patch 
Array.", UNN research seminar, December 2000. 
5. Evans H.:'lncreasing the bandwidth of a 2x2 sequentially rotated patch array with a 
serial feed'. Ansoft HFSSlEnsemble users microwave workshop, Los Angeles, CA, 
January 2001. 
6. Aljibouri B., Evans H., Lim E. G., Korolkiewicz, E.K., and Vlasits, T.:'Cavity 
Model of circularly polarised cross-aperture-coupled microstrip antenna' , lEE Proc. 
Antennas Propag. vol 148, No 3, pp.147-152, June 2001. 
7. Evans H., Gale P. and Sambell A.: 'Performance of a 4x4 Sequentially Rotated 
Patch Antenna Array Using a Series Feed.', Electron. Lett, vol 39, No 6, pp.493 -
494, March 2003. 
8. Evans H., and Sambell A.:'Wideband 2x2 sequentially rotated patch antenna array 
with a series feed'. Microwave and Optic Technology Lett. vol 40, No 4, pp.293 -
294, February 2004. 
9 
CHAPTER 2 
MICROSTRIP PATCH ANTENNAS 
2. 1 Introduction 
Following a comprehensive review of current literature, this chapter presents the basic 
principles of micros trip patch antenna. Following a brief historical introduction, the 
electrical and physical characteristics are introduced including the radiation 
mechanism and alternative feeding techniques. The concept of circular polarisation is 
presented and methods for generating this reviewed. The key operational parameters 
which characterise the antenna performance are presented. Techniques of analysis for 
microstrip antenna are also described. Finally, various array configurations and feed 
line geometries used in microstrip patch arrays are presented and discussed. 
2.2 Microstrip patch antennas 
Patch or microstrip antennas were first presented in the 1950s [22,23] but it was not 
until the 1970s that serious attention was paid to this type of radiating element, it first 
being realised by Munson [24]. There are many variations in patch shape, feeding 
techniques, substrate configurations and array geometries. The basic configuration of 
a patch antenna consists of a metallic patch printed onto a grounded dielectric 
substrate. Substrates commonly used for microstrip antennas are usually in the range 
of2.2 S Er S 25 with a loss tangent from 0.0001 to 0.004 [25]. Patch antennas have a 
very low profile, are mechanically robust and are easily manufactured using 
traditional printed circuit board techniques. This leads to a low profile conformable 
structure that can be fabricated at low cost. 
Due to the low profile (0.01 - 0.05 free space wavelength) and light weight, patch 
antennas are ideal for mounting on plane surfaces such as aircraft and missiles as they 
have no significant affect on the aerodynamics. They are easily integrated with 
associated circuit elements and it is relatively easy to achieve the various wave 
polarisations which different applications may require. Due to these physical 
attributes patch antennas are ideally suited for use within a traffic management 
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system. The small size and low profile of the antenna allows an unobtrusive OBU 
when mounted behind the vehicles windscreen. The ease of manufacture and resulting 
low cost is an important consideration if large quantities of OBUs are required in 
large scale motorway tolling applications. The compact and robust nature of 
microstrip antenna arrays makes them ideal for use in the RSU where access for 
maintenance can be problematic especially when mounted to a gantry over a live road 
camageway. 
To date, patch antennas have also been used in a wide variety of alternative 
applications such as: satellite ground stations, telecommunications, satellites for 
television broadcasting, mobile phone communications, aeronautical applications, 
marine applications and GPS systems for detection and identification [26]. 
However, the patch antenna has several operational disadvantages. These include 
narrow frequency bandwidth of typically 2 - 3% [27], spurious feed radiation, limited 
power handling capability and poor polarisation purity. The majority of research to 
date has been aimed at trying to overcome these problems. 
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2.3 Radiation mechanism 
The antenna is driven with a voltage between the feed point and the ground plane. 
This excites current on the patch and a vertical electric field between the patch and the 
ground plane. The patch element resonates when its length is near A/2, leading to 
relatively large current and field amplitudes. 
The electromagnetic radiation mechanism occurs between the two edges of the patch 
antenna and the ground plane. The patch is considered as a perfect conductor so it is 
assumed that there is no electric field on the patch surface. These edges are not a 
perfect open circuit, since the dielectric substrate is usually electrically thin « 0.05A) 
compared to the wavelength at the design frequency. Consequently fringing fields 
appear at the edges of the patch as shown in Figure 2-1. 
Fringing fields 
Feed Patch 
Zt 
r-------------------------~ 
Substrate (£r) 
Figure 2-1: Fringing fields from patch antenna fed by a microstrip line. 
These fringing fields can be split into normal and tangential components with respect 
to the ground plane. The normal components are 180 degrees out of phase, as the 
patch length is A/2, therefore cancel out in the far field in the broadside direction. The 
tangential components (those parallel to the ground plane) are in phase, thus the fields 
combine to give maximum radiated field normal to the surface of the patch antenna 
[28]. 
The extent of the fringing fields depends on the dimensions of the patch and the 
height of the substrate. For the principal E-plane, fringing is a function of the ratio 
between the length of the patch L and the height of the substrate h (Ll h) and the 
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dielectric constant of the substrate Er. Since the length of a patch is much greater than 
its height fringing is small, however it must be considered as it influences the resonant 
frequency of the antenna. 
The Quality factor (Q) of a patch antenna on a thin substrate is large and the 
bandwidth is small. The bandwidth increases with an increase in substrate thickness 
and a decrease in substrate permittivity. Consequently, patch antennas operate best 
when the substrate is thick with a low dielectric constant, as it requires loosely bound 
fields for radiation into space. Furthermore, a lower dielectric constant reduces the 
generation of surface waves. However, a thin substrate with a high dielectric constant 
is preferred for the microstrip lines that make up the feed network, as they require 
tightly bound fields to prevent undesired radiation or coupling. As both feed and 
antenna are often fabricated on the same substrate, a compromise must be made 
between good feed and radiating element performance [29]. 
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2.4 Excitation Techniques 
2.4.1 Direct feed 
Early patch antennas all used a direct feeding method, either through a microstrip line 
as seen in Figure 2-2 (a) or through a coaxial probe as seen in Figure 2-2 (b). 
Microstrip Line \ ....---------------
(a) 
Coaxial Probe 
~r-----. -----.,~ 
Coaxial Pro be Solder Joint 
~ /' 
~------------------I 
/' Patch 
Substrate (tr) 
(b) 
Figure 2-2: (a) Offset microstrip feed line (b) Coaxial probe feed including side 
elevation . 
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Direct contact feeding methods have the advantage of simplicity, but often have a 
limited bandwidth and increased feed inductance [30]. With coaxial line feeds the 
inner conductor of the coax is attached to the radiating patch while the outer 
conductor is connected to the ground plane. Although impedance matching can be 
simply achieved, as described later, manufacture becomes far more complex and 
antenna reliability is decreased significantly by the necessity for solder joints [26J , 
particularly if used in arrays. The advantage of using microstrip feed lines is that they 
preserve the desirable features which are attributed to the radiating patch. Ease of 
manufacture is maintained as the feed network is fabricated during the same photo 
etching process as the radiating patch; furthermore this feeding method leads to the 
most robust structure with lowest profile. 
2.4.2 Aperture Coupling 
The aperture coupled patch antenna [31 J consists of separate feed and patch substrates 
which are separated by a ground plane as seen in Figure 2-3 . On the bottom side of 
the lower substrate there is a feed line whose energy is coupled to the patch through a 
slot in the ground plane that separates the two substrates. 
---------------------; 
- - - - - - - - - - - - - - - - - - - - - _/ ~ --
Figure 2-3: Aperture coupled feed arrangement. 
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Input impedance matching is performed by controlling the length of the slot and the 
width of the feed line, which is extended beyond the aperture thereby acting as a 
tuning stub removing any residual reactance from the aperture. 
Compared with direct feed system, the aperture coupled feed arrangement offers a 
number of advantages. As the feed network and radiating patch are implemented on 
separate substrates, both the thickness and dielectric properties of each substrate can 
be independently optimised catering for their conflicting requirements. The patch is 
isolated from the feed network by a ground plane, minimising the contribution of 
spurious feed radiation to the main radiation pattern. Furthermore, as the aperture is 
positioned below the centre of patch, the excitation symmetry ensures good 
polarisation purity. A disadvantage is that this structure is usually more complex to 
fabricate. A more detailed study of aperture coupled patch antennas is presented in 
Chapter 7. 
2.4.3 Proximity coupling 
The proximity or electromagnetically coupled patch antenna uses a two layer substrate 
with a microstrip feed line on top of the lower substrate, terminating in an open ended 
stub. The patch is printed on the upper substrate as seen in Figure 2-4. 
Figw'e 2-4: Proximity coupled feed arrangement. 
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Originally developed for printed dipoles [32], this technique was later used to increase 
the bandwidth of patch antennas [33,34,35,36] demonstrating bandwidths of up to 
13%. The length of the feed stub and the patch width to feed line width ratio controls 
the input impedance. This method has also been used in arrays [37]. 
Like aperture coupling, proximity coupling also has the advantage of allowing the 
patch substrate to be relatively thick allowing much greater bandwidth, while the feed 
line effectively sees thinner substrate reducing spurious radiation. Thus a reduction in 
the area of the feed network, hence overall antenna system, is achieved. Furthermore, 
spurious radiation due to discontinuities in the feed lines is reduced considerably. 
However, due to the need for reasonable accuracy in the alignment of the feed and 
patch, fabrication is made more difficult. 
2.5 Circular Polarisation 
2.5.1 Wave polarisation 
The electric field vector for a traveling wave propagating in the positive z direction 
has the form 
E = Ex sin(ax - fJz)i + Ey sin(ax - fJz + ¢)] (2.1) 
where fJz is phase shift and ¢ is the phase difference between E and E If E = 0 
x y. x 
then the electric field is orientated in the y direction only and the wave is linearly 
polarised as seen in Figure 2-5 (a). 
y y y 
-----+------x --~--r-~----x 
---1"-----+1--- X 
(a) (b) (c) 
Figure 2-5: States of wave polarisation. (a) Linear polarisation (b) Elliptical 
polarisation (c) Circular polarisation. 
If Ex =t= 0 and Ey =t= 0 then the wave has two components as shown in Figure 2-5 (b), 
the electric field vector traces out an elliptical locus and the wave is termed 
elliptically polarised. If the x and y directed field components are equal in amplitude 
and the phase angle between them is 90 degrees, the locus of the wave vector traces a 
circular path making one complete revolution during one period of the wave. This 
wave is said to be circular polarised as shown in Figure 2-5 (c). 
If rjJ = +900 the rotation of the field vector, looking in the direction of propagation, is 
anti-clockwise and the wave is defined as being Left Hand Circular Polarised (LHCP). 
If rjJ = -900 the rotation of the field vector is clockwise and is defined as being Right 
Hand Circular Polarised (RHCP). 
An advantage of using circular polarisation is that the rotational orientation of a 
transmitter and receiver are unimportant in relation to received signal strength. In a 
vehicle tagging application, circular polarisation allows the OBU to be placed in any 
orientation behind a vehicles windscreen. Furthermore, when a circularly polarised 
wave is reflected from a metallic surface, such as from a vehicle's bonnet or an 
adjacent vehicle, the sense of polarisation reverses from left hand to right hand (and 
vice versa). This allows the system to discriminate between reflected signals. 
Four distinct sources of error that degrade polarisation purity have been identified 
[38]. 
1. Amplitude error: both linearly polarised components must be of equal amplitude. 
2. Phase error: the phase shift between the two linear polarised components must be 
90 degrees. 
3. Orthogonality error: the two linear polarised components have to be orthogonal. 
4. Polarisation error: the two orthogonal components must be linear polarised with 
no cross-polarisation. 
The first two errors usually depend on the characteristics and electrical design, while 
the latter two depend on the physical design of the antenna. 
2.5.2 Feeding techniques for circular polarisation 
Circular polarised radiation can be generated if two orthogonal modes are both equal 
in magnitude and have a 90 degree phase shift between them. This can be achieved 
using a single patch with a dual or single feed mechanism. Two orthogonal modes can 
be generated by two linearly polarised patches placed orthogonally in space [39]. The 
main problem with this method is that polarisation purity degrades away from 
broadside because the phase centers of the patches are displaced. 
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2.5.2.1 Dual feed 
Circular polarisation can be achieved using a square or circular patch fed at two 
adjacent sides [40, 41], quadrature phase difference can be achieved by altering the 
length of one of the feeds or by using a 90 degree hybrid as seen in Figure 2-6. 
t 
JJ4 
~ 
..--
II 
"=== 
D~4 
~ 
(a) (b) 
Figure 2-6: Dual feed patch driven at adjacent sides (a) through an offset power 
divider, (b) through a 90 degree hybrid coupler. 
In the non-isolated feed network seen in Figure 2-6 (a) reflections from the 
mismatched patch, away from design frequency, tend to cancel out at the input 
terminal due to the 90 degree phase difference between the feeds. Consequently, the 
input match remains acceptable over the bandwidth of a single mode. Unfortunately, 
due to the lack of isolation between the ports, the polarisation purity of one mode is 
degraded by reflected power from the other [42]. For the isolated feed, seen in Figure 
2-6 (b), good axial ratio and input match can be achieved as reflected power is 
absorbed in a matched load on the other input port of the hybrid coupler. The two 
input ports also allow for the radiated field to be in either left or right hand circular 
polarisation. However this advantage is offset by the additional real estate required by 
this geometry. 
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2.5.2.2 Single feed 
A single feed or degenerate mode patch is regarded as one of the simplest radiators of 
circularly polarised radiation. Some common examples can be seen in Figure 2-7. 
(a) (b) (c) 
Figure 2-7: Nearly Square [43,44], Truncated Comer [45], Slotted Square [46]. 
The generated mode can be separated into two orthogonal modes, Mode 1 and 2. The 
radiated fields excited by these modes (TMolO and TMo01) are orthogonally polarised 
in the broadside direction. The amplitude and phase of these modes can be seen in 
Figure 2-8. 
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Figure 2-8: (a) Amplitude and (b) phase of orthogonal modes in single feed circular 
polarised patch antenna [47]. 
The perturbation segment is adjusted so that the two modes are equal in magnitude 
and 90 degrees out of phase at the design frequency. Consequently, circular polarised 
radiation is achieved without the use of an external polariser. 
Performance is similar to the non-isolated dual feed arrangement seen in Figure 2-6 
(a), with the axial ratio degrading fairly rapidly away from design frequency while the 
input VSWR remains acceptable [48]. The drawback to this type of radiating element 
is the sensitivity of the perturbation segment's dimensions, requiring very tight 
manufacturing tolerances and greater sensitivity to mutual coupling when used in an 
array [49]. 
2.6 Operational parameters 
Operational parameters of interest in microstrip antenna design are as follows. 
2.6.1 Resonant frequency 
The resonant frequency is defined as the frequency at which the input impedance is 
purely resistive and most of the power fed to the antenna is radiated. The dominant 
resonant frequency can be determined using [50] 
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/, = C 
r 2Leff ~&eff (2.2) 
where c is the speed of light in free space, where Lef! is the effective length of the 
patch and cef! is the effective permittivity of the antenna substrate (discussed further in 
Chapter 3). 
The patch can also resonate at higher resonant frequencies or higher order resonant 
TM modes, both along the length and width of the patch, as seen in Figure 2-9. 
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(c) (d) 
Figure 2-9: E-field distribution of resonant modes within rectangular patch antenna. 
The mode with the lowest resonant frequency is the dominant mode. For all patch 
antenna, the height is much less than both the length and the width. Assuming L > W 
the dominant mode will be the TMo10 mode as seen here in Figure 2-9 (a). IfL > W > 
L/2 the next higher order mode will be the TMoOl mode, seen in Figure 2-9 (b). 
However, If L/2 > W then TMo20 will be the second order mode as seen in Figure 2-9 
(c). 
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2.6.2 Input impedance 
Input impedance is defined as the impedance presented by the antenna at its input feed 
point. For a feed point at a radiating edge the voltage is at a maximum and the current 
is at a minimum, so the input impedance is at a maximum, typically between 150-350 
ohms [26]. As the patch length is approximately 'A/2, if the feed point were at the 
centre of the patch the voltage is zero while the current is at a maximum so the input 
impedance is zero. Therefore adjusting the position of the feed point can vary the 
input impedance to the antenna. 
An input impedance of 50 ohms is traditionally required at the feed point of an 
antenna. This value is a compromise between the characteristic impedance of an air 
filled coaxial line where attenuation (770.) is at a minimum and power capacity (300.) 
is at a maximum [51]. Altering the feed position to achieve this value is easily 
achieved with a probe feed. With a microstrip feed line the feed is offset (as seen in 
Figure 2-2 (a)) which creates a physical notch that in turn introduces ajunction 
capacitance. This will influence the resonant frequency which would typically vary by 
about 1 % [52]. Alternatively, a quarter wave section of micro strip feed line can be 
used to match this impedance to the periphery of the radiating patch. 
At resonance the input impedance to the antenna is purely resistive, the antenna and 
feed are matched and no power is reflected back into the antenna's feed network. 
Away from resonance the antenna and feed are no longer matched and some of the 
power is reflected. A good measure of this mismatch is the Voltage Standing Wave 
Ratio (VSWR) which is equal to one under matched conditions. The VSWR is given 
by 
VSWR = _1 +--,---,-Irl 
l-Irl 
where 1 ::; VSWR ::; 00 (2.3) 
where r is the reflection coefficient, defmed in terms of the input impedance ZL of the 
antenna and the characteristic impedance of the feed line Zo with the relationship 
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(2.4) 
The reflection coefficient is equal to zero under matched conditions as no power is 
reflected. 
2.6.3 Axial ratio 
The polarisation purity of a circularly polarised antenna is characterised by its axial 
ratio. The axial ratio is defined as the ratio between the major and minor axis, as 
defined in Figure 2-10, and is given by equation (2.5) [50]. This represents the ratio of 
the maximum to minimum signal strength of the electric field vector components. 
where 
and 
AR = Major Axis = DA 
Minor Axis DB 
o ~ AR ~ C() (2.5) 
(2.6) 
(2.7) 
E and E are the magnitude of the radiated field components and () is the phase 
x y 
difference between them. 
Minor axis 
Maior axis 
Figure 2-10: Rotation of a plane electromagnetic wave and its polarisation ellipse. 
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't is the azimuth angle of the major axis, as described further in Appendix C. 
In terms of magnitude and phase difference of the radiated field components, AR is 
given by 
(2.8) 
This parameter is usually expressed in dB. For perfect circular polarisation DA = DB 
and the axial ratio is 1. An axial ratio of 3 to 6 dB is acceptable for most practical 
applications [53] although axial ratio performance as low as 1 dB can be required by 
applications such as small satellite ground stations [54]. 
2.6.4 Bandwidth 
The bandwidth of an antenna is defined as the range of frequencies within which the 
performance of an antenna, with respect to some specified characteristic, conforms to 
a specified standard [50]. Input impedance bandwidth is often specified over the range 
of frequencies where the VSWR at the feed point is less than 2, which corresponds to 
a return loss of9.5 dB or 11 % reflected power. More stringent applications may 
require the VSWR to be less than 1.5 (which corresponds to a return loss of 14 dB or 
4% reflected power). Axial ratio bandwidth is commonly quoted as the range of 
frequencies where axial ratio is less than 3 dB. When describing the bandwidth of a 
patch antenna, the bandwidth is often expressed as a percentage of the resonant 
frequency. 
2.6.5 Gain 
Assuming no direction is specified, the relative gain of an antenna is defined as [50] 
Maximum radiation intensity 
G= Maximum radiation intensity from a reference antenna with same power 
The power input must be the same for both antennas; the reference antenna is usually 
a lossless isotropic source. The antenna gain is measured in dB and for microstrip 
antennas the gain is typically in the region of 5 - 6 dB broadside. 
2.6.6 Radiation Pattern 
The radiation pattern of an antenna is determined in the far field region and is a 
graphical representation of the radiation properties. Figure 2-11 (a) shows a typical 
radiation pattern for LHCP square microstrip antenna. Antenna gain is plotted in dB 
against ¢ where () = 0 and (J = 90 as defined by the coordinate system seen in Figure 
2-11 (b). 
o 
() 
180 
(a) (b) 
Figure 2-11 : (a) Typical radiation pattern (b) Coordinate system. 
2.6.7 Beamwidth 
Antenna beamwidth usually refers to the angle between two points on the main lobe 3 
dB below the maximum point. 
2.6.8 Quality factor and Antenna losses 
The quality factor or Q of a microstrip antenna is inversely proportional to the gain 
bandwidth. It is defined in terms of resonant frequency J,. and 3 dB bandwidth '211/ as 
~,7 
(2.9) 
The quality factor also represents the antenna losses. In terms of the power loss factor 
the total Q factor Qt is given by 
(2.10) 
where Qr is the radiation loss factor, Qc is the conductance loss factor and Qd is the 
dielectric loss factor. The individual 'Q' terms in equation (2.10) are defined as 
follows 
The dielectric loss Q-factor Qd represents energy lost by heat generated in the 
dielectric and can be determined using 
(2.11) 
Which is independent of the dimensions of the antenna, tan () is the loss tangent of the 
dielectric. 
The copper loss Q-factor is given by 
(2.12) 
Where (jc is the conductivity and h is the height of the metal used. 
The radiation loss Q-factor is given by 
(2.13) 
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Where Gr is the self conductance and Zo is the characteristic impedance of the patch. 
The following three relationships for Gr have been shown [26] 
(2.14) 
We is the effective width of the patch and flo is the free space wave length. 
The antenna can excite surface waves that bond to the dielectric substrate and as this , 
power does not contribute to the main radiation pattern, these waves can be regarded 
as a loss mechanism. They are transmitted from the antenna into the dielectric and 
remain trapped there by repeated internal reflections between the ground plane and 
air-dielectric interface. The generation of surface waves increases with both substrate 
thickness and permittivity, however for thin substrates, the losses due to surface 
waves are very small and can be neglected [55]. 
2.7 Modelling planar patch antennas 
At microwave frequencies, the dimensions of the radiating patch and feed network are 
crucial and small variations can have significant affect on performance. Antenna 
analysis is therefore a very important part of the design process as it reduces the 
amount of expensive and time consuming trial and error attempts, particularly when 
the antenna is to be optimised over a number of design parameters. 
The simple physical structure of a microstrip patch antenna might suggest a straight 
forward mathematical model. This is not in fact not the case, the determination of the 
electromagnetic fields of the antenna being a complex problem. Full wave analysis 
requires the determination of the electromagnetic field structure within a microstrip 
structure; Maxwell's equations must be solved under the appropriate boundary 
conditions. This is problematical for a number of reasons. Due to the inhomogeneous 
nature of the structure, the fields propagate in the contiguous media of air and 
dielectric. The air-dielectric interface is partially covered with metal so different 
boundary conditions apply at different points of the interface. Further, the transverse 
dimensions of the ground plane and substrates are finite. 
Due to the difficulty involved in a rigorous analysis, two simplified models have been 
developed which can provide useful information especially in the more basic 
microstrip structures, namely the transmission line and cavity model. These models 
are especially good for practical design as well as providing a good physical insight 
into antenna operation. 
The transmission line model of a rectangular patch antenna was the first model used 
in microstrip antenna analysis [56,57,58].This is the simplest model to be analysed 
and has limited accuracy. A number of improvements have been made [59,60,61] 
which improve the model's accuracy and versatility. This model is described further 
in Chapter 3. 
The cavity model can easily be applied to regular shaped patches [62,63]. The space 
under the patch and above the ground plane is regarded as a lossy resonant cavity 
bound by magnetic walls at the edges and electric walls top and bottom. The fields 
under the patch, derived from microwave cavity theory [64], can be considered as 
resonant TM modes as seen in Figure 2-9. The actual length of the patch is slightly 
smaller than the cross section of the equivalent cavity. This is due to fringing fields, 
therefore the resonant frequency of an actual patch must be determined taking these 
fields into account. A radiation and loss resistance must be introduced as without this 
the resonant cavity would not radiate and the input impedance would be purely 
resistive. Both input impedance and resonant frequency can be determined from this 
analysis and have been shown to compare well with measurements [65]. The multi 
port network model is also a generalisation of the cavity model [66,26]. An adaptation 
of the cavity model is used later in Chapter 7. 
Full-wave analysis is a rigorous modelling technique in which the current distribution 
on the conducting elements is established. The currents produce electromagnetic 
fields which must satisfy certain boundary conditions determined by the antenna 
structure. The electromagnetic fields are determined from Maxwell's equations which 
relate the fields, current sources and charges. This is most commonly achieved using 
the exact Green's function for the dielectric substrate. Utilising Green functions in a 
Moment of Methods (MoM) solution results in versatile and accurate analysis that can 
incorporate space wave radiation, surface wave models. dielectric loss and mutual 
coupling into the analysis. Maxwell's equations can be expressed in either differential 
or integral fonn, and the vector field and current densities can be given in time-
varying or time hannonic fonn. The consequence is more accurate results for input 
impedance and resonant frequency, however the model is complex, computational 
cost is high and it does not lend itself to optimisation so readily. 
Today commercial software designed to simulate patch antenna structures using full 
wave simulation is widely available. Not only is accuracy high but these packages 
also have additional benefits such as drawing interfaces and the ability to export 
designs in a fonnat suited to the Printed Circuit Board (PCB) fabrication process. A 
highly respected market leader in this field is a product from Ansoft called 
Ensemble®. 
Ensemble® can deal with irregular shapes, multiple layers and finite ground planes 
with a high degree of accuracy. Once the designer has defined thickness, material and 
properties of dielectric substrate(s), the design can be imported into the package or 
entered using a graphical interface. The structure's surface is then automatically 
'meshed' or broken down into simple geometric shapes. A volume mesh is not 
generated inside the model because at high frequencies the skin depth is so small that 
a surface mesh is sufficient. To generate a solution from which S-parameters can be 
computed, Ensemble® employs the Mixed-Potential Integral Equation (MPIE) 
method. The MoM is applied to the MPIE to obtain the current distribution on the 
surface mesh. The S-parameters and radiated fields are calculated from the surface 
currents. 
2.8 Microstrip Arrays 
In many microstrip antenna applications a single patch will meet the necessary system 
requirements. However some systems require a higher gain while maintaining a low 
profile structure. For these applications, microstrip arrays offer several advantages 
relative to other types of antenna arrays: low weight, low profile with conformability 
and low manufacturing cost. These attractive features lead to many military, space 
and commercial applications [67] using microstrip arrays instead of conventional high 
gain antenna arrays such as horns, helices, slotted waveguides and parabolic 
reflectors. These advantages are offset by microstrip antenna arrays inherent 
drawbacks, namely small bandwidth (usually less than 5%), relatively high feed line 
loss and power handling capability [68]. 
2.8.1 Feed network 
Most single element excitation techniques can be applied to microstrip arrays. The 
feed network is one of the most important aspects of an array as it occupies valuable 
space, radiates spurious signals and consumes power through dielectric and ohmic 
losses. As the size of the array increases so does the average distance between the 
feed point and the patch radiators. Therefore these problems increase with array size 
as the length of the microstrip lines increase and probe fed arrays require more solder 
joints. Alternative methods such as parasitic coupling are one response to these 
problems. By parasitic coupling several patches to a driven patch, it is possible to 
transfer some of the power division tasks from the feed network to the radiating 
elements. This has been demonstrated with up to fifteen elements, only one being 
driven by the feed network [69]. A 1280 element array was constructed from 256 
clusters of five elements, the centre element of each cluster being aperture coupled 
from the feed network [70]. However, there is little freedom of alter the patch spacing 
and hence manipulate the resulting radiation pattern of such an array. 
Microstrip feed lines are an attractive choice of feed method as they maintain the 
desirable features normally associated with the patch radiators (light weight, low 
profile with conformability and low cost due to manufacturing simplicity). 
Additionally, using microstrip feed lines allows for easy control of the feed section's 
characteristic impedance, providing a degree of freedom not so easily obtained using 
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other feed methods such as waveguides. Major disadvantages of using microstrip lines 
as a feeding method within arrays are the losses such as the copper loss, dielectric loss 
and radiation loss sometimes contributing to the radiation pattern [71]. 
One of the difficulties encountered in designing planar microstrip arrays is the 
limitation of space [26]. Therefore, when using microstrip feed lines in an array, 
particular attention must also be paid when physically fitting the feed lines around the 
radiating elements themselves, as mutual coupling between the feed lines and patch 
radiators increases as the physical distance between them decreases. 
The physical advantages of a microstrip feed network can be maintained while the 
undesirable losses and coupling due to a lack of physical space can be minimised by 
correct choice of microstrip feed line geometry. 
2.8.1.1 Series feed 
In a series feed configuration, multiple elements are arranged linearly and fed serially 
by a single transmission line. Two configurations of a series feed can be seen in 
Figure 2-12. 
~L-----J:: L-----J :: L-----J :: L----J : :<--------------
(a) 
(b) 
Figure 2-12: (a) in-line series feed (b) out-of-line series feed. 
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The in-line feed uses two port patches while the out-of-line feed uses one port 
patches. The in-line feed [72,73] has the feed transmission line and radiating elements 
arranged in the same line, while the out of line series feed [74] has the feed line 
arranged parallel to the radiating elements. The in-line feed occupies the least space 
and has the lowest insertion loss, but generally has the least polarisation control and 
the narrowest bandwidth. It is also more suited to linear polarisation, rather than 
circular polarisation generation. The phase difference between the patches is not only 
a function of line length, but also the patch's input impedance; therefore it has the 
narrowest bandwidth. Since the patches are amplitude weighted differently with 
different input impedances, the phase will be different for different elements and will 
change more drastically as frequency changes, due to the narrow band characteristic 
of the patches. 
The series fed arrays can also be classified into standing wave (resonant) and 
travelling wave (non-resonant) arrays [75]. In a resonant array, the elements are 
spaced at multiple integrals of one wavelength so that reflected power will radiate into 
space in correct coherence. The line junctions and radiating elements do not have to 
be matched because the elements are spaced at a single or multiples of one 
wavelength, the beam of a resonant array is always pointing broadside. This spacing 
also leads to a very narrow bandwidth, generally less than 1 %, since as the frequency 
changes, a one wavelength difference in excitation no longer exists and reflected 
waves no longer radiate coherently, but instead travel back to the input port as 
mismatched energy. Furthermore, these internal reflections within the standing wave 
series feed lead to a higher insertion loss [76]. Both in-line and out-of-line feed arrays 
can be designed as a resonant type. 
In a travelling wave array, the transmission lines are matched to the radiating 
elements. The array can be designed so that the last element radiates all the remaining 
power. Alternatively, the remaining power can be absorbed by a matched load or can 
be reflected back in phase for broadside radiation. This gives the travelling wave array 
a wider input impedance bandwidth but its main beam will change angle as frequency 
changes (1 % angle for 1 % frequency change). Consequently, for an instantaneous 
wide band signal, a beam broadening effect will occur. Again, both in-line and out-of-
line arrays can be designed as the travelling wave type. 
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Some arrays resemble a series fed array except there are no special radiation elements. 
Figure 2-13 illustrates some circularly polarised examples of discontinuity wave 
arrays. 
<J 
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Figure 2-13: (a) Rampart line antenna [77,78], (b) Chain antenna [79], (c) Square loop 
antenna [80], (d) Crank-type antenna [81]. 
These antennas consists of long microstrip lines that radiate because they have bends. 
It has been shown that radiation is produced from such discontinuities [82]. The 
radiation from each bend is small but when the antenna is properly designed the 
radiation from all the discontinuities combines to produce a well formed beam, the 
polarisation of which is controllable by the end which is being fed. The antennas in 
Figure 2-13 are RHCP as they are being fed from the left hand end. the right hand 
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here being terminated with a matched load. For LHCP the left hand end should be 
terminated and the antenna fed from the right. 
2.8.1.2 Corporate feed 
A corporate or parallel feed network supplies excitation individually to each array 
element. The majority of corporate feed networks use equal line lengths and power 
splitters for each element so amplitude and phase drifting with frequency is usually 
minimal. The input impedance bandwidth of a corporate fed array will be 
approximately limited by that of the radiating element. If losses are significant the 
bandwidth may appear larger but at the expense of efficiency. Parallel feed networks 
with equal path lengths offer wider instantaneous bandwidth than series feeds, but 
they also incur higher losses and this contributes to a limitation on the realisable gain 
achievable by microstrip arrays using this feed geometry [83,84]. 
A typical corporate feed network with linear polarised radiating elements can be seen 
in Figure 2-14. 
Figure 2-14: Corporate feed network. 
The patch elements are fed in parallel by the power division transmission lines. The 
transmission lines split into two branches, each branch dividing again until it reaches 
the radiating element. In a series feed arrangement, the remaining power from the first 
element is used to feed the second element, and so on, with the first element having 
the shortest transmission line. Most of the insertion loss occurs in the transmission 
line at the first few elements, as most of the power has radiated by the time the end 
elements are reached. As a consequence, the insertion loss for a serial feed is less than 
that of a corporate feed [85]. 
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One of the difficulties encountered when designing planar microstrip arrays is the 
limitation of available space to maintain sufficient clearance between the radiating 
elements and the feed network, especially in the corporate feed network. The series 
feed offers a more compact feed geometry. 
However the corporate feed does have one distinct advantage over the series feed. 
Relative amplitude and phases between radiating elements will remain the same when 
the frequency changes, as all elements are fed by equal length transmissions lines so 
no beam squint occurs. The bandwidth of a corporate feed is limited by the bandwidth 
of the radiating elements and that of the impedance matching circuitry at the power 
splitting transmission lines. 
2.8.1.3 Hybrid feed 
A combination of series and corporate feeding network can be combined to form a 
hybrid feed network as seen in Figure 2-15. 
Figure 2-15: Hybrid series/parallel feed. 
In a hybrid array, the smaller series fed sub-array will yield a broader beam width, 
which has smaller gain degradation due to beam squint caused by frequency change. 
The insertion loss is higher than that of a serial feed because of the corporate feed 
section; therefore the hybrid makes a compromise between insertion loss and 
bandwidth. 
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2.8.2 Array configuration 
2.8.2.1 Sequential rotation 
In the traditional corporate fed array, seen in Figure 2-14, circular polarised radiating 
elements share orientation and are fed simultaneously with the same phase. As a 
consequence, the axial ratio of the array is restricted to the axial ratio of the radiating 
elements that make up the array. Also, reflections from mismatched elements away 
from design frequency add at the input terminal degrading the array's input 
impedance bandwidth. Furthermore, a proportion of this scattered power is then re-
radiated leading to degradation in the radiation pattern. 
Sequential rotation has been shown to improve the polarisation purity, radiation 
pattern symmetry and the input impedance bandwidth of circularly polarised 
microstrip antenna arrays. Each radiating element in the array is physically rotated 
with respect to its immediate neighbor. This physical rotation is compensated by an 
appropriate phase delay in each element's excitation. The phase delay is usually 
achieved by adjusting the line length of that element's feed. 
The principle of this technique is that the cross polarised components of elliptically 
polarised radiating elements are cancelled in the far field because the feeding phase 
changes are appropriate for the wanted hand of polarisation only. An additional 
benefit is that of design frequency, due to the phase delays in the feed network, 
reflections from mismatched radiating elements tend to cancel at the feed point. As a 
result, sequential rotation increases the axial ratio and input impedance bandwidth of 
patch antenna arrays without the need for increasing the bandwidth of the radiating 
elements. 
The simplest sequential arrangement is the paired elements seen in Figure 2-16 [86]. 
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Figure 2-16: (a) Fundamental arrangement of a microstrip paired element unit (b) 
Polarisation pattern. 
The radiating elements are rotated orthogonally on the coplanar plane as seen in 
Figure 2-16 (a) and are fed with uniform amplitude (at design frequency). There is a 
90
0 
phase difference between each element's excitation to compensate for this 
physical rotation. The resulting electric field vector is shown in Figure 2-16 (b) where 
it is seen that the individual elements of the pair demonstrate elliptical polarisation. 
The polarisation ellipses marked A and B correspond to those of each element, while 
the Ex and Ey axes correspond to the horizontal and vertical components of the 
radiated electric field. The polarisation purity of the individual elements will degrade 
with frequency. However, if the radiating elements are arranged orthogonally with a 
90 degree phase difference in the feed, the resulting polarisation pattern due to the 
pair is seen to be of perfect circular polarisation. Indeed it has been shown that 
circular polarisation can be achieved from a sequentially rotated array composed 
entirely from linearly polarised radiating elements [87], although this can lead to large 
cross polarised lobes in the diagonal plane unless very small element spacing is used. 
The first analysis of sequentially rotated arrays was presented by Teshirogi [11] in 
which a comparison was made between a conventional and sequentially rotated 4 x 2 
array of probe fed notched patches with a non-isolated splitter operating at 2.3GHz. 
The 1.5: 1 VSWR bandwidth was shown to double and the 3 dB axial ratio bandwidth 
improved by a factor of 15. Several examples followed using dual feed [88], single 
fed circular notched patches, both probe [89] and microstrip line [90] fed. All of these 
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examples used a corporate feeding system. It was not until 1989 that a comparison 
between various configurations of sequentially rotated arrays was made [12,67] which 
showed that due to internal reflections within the feed, a three element array out 
performed the geometrically more desirable four element 2x2 array, in both input 
impedance and axial ratio bandwidth. This was shown to be the case with notched 
patches fed both by a corporate feed and a non-isolated reactive splitter. This choice 
of radiating element and feed methods was also adopted in following studies of array 
gain [91], side lobe reduction [92,93]. In [49] an isolated corporate feed using 
Wilkinson power dividers achieves cross polarisation levels of better than 30 dBs. 
More complex structures with alternative radiating elements have also been presented, 
such as probe fed triangular [94] and truncated comer patches [95]. In the later an 
isolated triplate layer corporate feeding system was used. Also in [96] a large flat-
plate array consisting of circular slot radiating elements and a smaller four element 
array using shorted quarter wave patches were both fed by a non-isolating corporate 
feed. In [97] wideband traveling wave radiating elements with a 66% bandwidth were 
sequentially rotated to form a 2x2 array, although feed phase was continuously 
maintained across the bandwidth by continual adjustment in the length of the feed 
cables. This required a multilayer structure. 
More recently, attention has been paid to the use of sequential rotation in the design of 
4x4 antenna for road tolling applications [98]. In this reference microstrip fed 
truncated comer patches are excited by a corporate feeding system. 
2.8.3 Array summary 
Series fed arrays have the advantage of being less complex, more compact, and have 
lower insertion and line losses when compared to corporate feeds. However, due to 
the reliance on an excitation phase difference of one wavelength being maintained 
between the radiating elements, both amplitude and phase errors are greater than in a 
traditional corporate feed. However, in a sequentially rotated array, various excitation 
delays are required by all feeding methods, hence the inherent advantage of corporate 
feed is not realised in such antennas. No research to date has considered the use of a 
series feed in a sequentially rotated array. This thesis investigates this with a view to 
combining the benefits of both. 
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CHAPTER 3 
DUAL FEED RADIATING ELEMENT OPTIMISATION 
3. 1 Introduction 
Single microstrip patch antennas are used in a variety of communication systems 
especially when the receiver needs to be compact and have a low profile. The use of 
circular polarisation allows the receiver to be placed in any orientation and helps 
discriminate between reflected signals. Circular polarisation can be achieved using 
either a single or a dual feed (as discussed in the previous chapter). 
Circular polarised antenna that use a dual feed networks have many advantages over 
single feed antenna such as simplicity of design, less stringent fabrication tolerances 
and they are less sensitive to mutual coupling when used in arrays [49]. Consequently, 
in many applications, a dual feed arrangement is preferred. 
The microstrip line is an attractive choice of feed medium as it maintains the 
attractive features associated with the radiating patch (low profile, durability and ease 
of manufacture). However, step discontinuities between the microstrip feed sections 
can lead to spurious radiation from the fringing fields at the feed line junctions. 
Minimising any discontinuity between the widths of the feed line sections will reduce 
this problem. 
In this chapter an optimised design of a dual feed microstrip antenna is presented. 
This antenna is used as a radiating element within the antenna arrays presented in the 
following chapter. 
Dimensions for the radiating patch are determined and the traditional design of a dual 
feed network is presented. An equivalent circuit for the radiating patch and feed 
network are presented with expressions to model the sections of feed line that make 
up the feed network. Investigation into traditional dual feed design highlights 
flexibilities and constraints inherent within the traditional design. This is followed by 
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a new and unconventional approach to the optimised design of the dual feed network 
using a multi objective genetic algorithm. The aim of the optimisation algorithm is to 
increase the input impedance at the dual feed point and reduce the step discontinuities 
traditionally found between the dual feed line sections. Experimental measurement is 
used to confirm the performance of this design and integrity of this approach. 
3.2 Design 
3.2.1 Radiating Patch Design 
The radiating patch can be any shape but regular shapes such as rectangular or 
circular patches are most commonly used. Alternative shapes have been considered 
but these more complex shapes offer no operational improvements, are more difficult 
to design and manufacture and are more complex to analyse theoretically. Therefore a 
rectangular patch was chosen. 
3.2.1.1 Patch length 
The fringing fields, which appear at the radiating edges, cause a slight change in the 
electrical length compared to the physical length of the patch. This can be described 
as a line extension of L1L, as demonstrated in Figure 3-1. 
L1L L ~L 
r w 
Patch 
Figure 3-1 : Extended length at the edges of the patch antenna. 
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A practical approximation for the normalised extension of length is given by [99] 
(3.1) 
As the fringing fields at the edge of the patch pass through both air and the substrate 
material an effective permittivity of the substrate has to be obtained. The effective 
permittivity (Eeff) is the permittivity a substrate would have to be so that a microstrip 
line completely enclosed within this uniform substrate would share the same electrical 
characteristics as the microstrip line seen in Figure 3-3. 
As air has a relatively low permittivity of 1, effective permittivity usually falls 
between the permittivity of air and the higher permittivity of the antenna dielectric 
substrate (&0 < &eff< &r). As Wlh> 1, an accurate value for effective permittivity in this 
application is given by [52] 
1 
& = & r + 1 + & r - 1 [1 + 12 ~]-2 
eff 2 2 W 
(3.2) 
as the fringing occurs at each side, the effective length of the patch is now 
LefJf = L+2M (3.3) 
The actual length of the antenna can therefore be found by determining the effective 
length of the antenna using 
(3.4) 
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For circular polarisation with a dual feed network, a square patch is required where L 
is equal to Was each orthogonal mode must be equal in amplitude. In the first 
iteration, Lef! can be determined using (3.4) and this value used for W to determine L1L 
using (3. 1). The effective length can then be determined using (3.3) and this value 
substituted back into equation (3.1) as W then teff and M re-calculated. The accuracy 
of the result does not effectively increases with successive iterations beyond this 
point. 
3.2.2 Feed network design 
3.2.2.1 Basic structure 
A square radiating patch with a dual feed network can be seen in Figure 3-2. 
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Figure 3-2: Dual feed LHCP radiating element. 
The radiating patch is fed by a dual microstrip feed network. For circular polarisation 
the two orthogonal modes TMolo and TMoOI must be equal in amplitude and 90 
degrees out of phase. Equal amplitude is achieved with an equal power splitter at 
junction a and the 90 degree phase difference is realised by extending the length of 
one of the microstrip feed line sections by a quarter wave length. In Figure 3-2, if the 
phase delay between node a and node C is 90 degrees more than the phase delay 
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between node a and node e the radiated field will be LHCP. If this line length 
relationship were reversed, the result would be RHCP radiation. 
L is the dimensions of the radiating patch and 2, ,81' 2 2, 82, 2 3, 83, 2 4 ,fJ
4 
represent the 
characteristic impedance and line length of each feed line section. 
3.2.2.2 Microstrip feed line design 
The characteristic impedance of a microstrip feed line is a function of the substrate 
height, specific permittivity and the width of the line. These parameters can be seen in 
Figure 3-3. 
Microstrip 
Line 
h 
Figure 3-3: Microstrip feed line structure and design parameters. 
\ 
Ground plane 
The width of track w required to implement a feed line with characteristical 
impedance 20 on a substrate of height h and specific permittivity &r is given by 
equation (3.5) [100]. 
(3.5) 
where 
2 .J2{c + 1) 1 & - 1 ( 1 Jr 1 1 4 ) H = 0 r + _ r n- + - n-
11 9.9 2&r +1 2 &r Jr 
(3.6) 
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equation (3.5) is valid when Zo > (44 - 2&J. This assumes the microstrip is treated as 
a statically charged capacitor where both electric and magnetic fields are in the 
transverse plane only. Once a substrate has been selected for antenna realisation the 
, 
characteristic impedance becomes a function of micro strip line width. 
3.2.2.3 Impedance matching 
The input impedance at the edge of the radiating patch ZL is approximately 3000 
(determined using equation (3.8)).3000 can not be realised using a microstrip feed 
line as the resulting track would be too thin to fabricate using traditional PCB 
techniques. 
ZL is traditionally matched to nodes band d, using sections of feed line a quarter of 
the effective wavelength long. This feed section, often termed a quarter wave 
transformers, is commonly used to match one impedance to another using the 
relationship 
(3.7) 
where Zo is the characteristic impedance of the quarter wave section, Zx and Zy are the 
source and load impedances respectively. 
The minimum width of a realisable microstrip line is constrained to 10 mill by the 
fabrication process. Using equation (3.5), this translates to a characteristic impedance 
of 145 0, hence the highest impedance realisable by traditional PCB techniques. 
As the load impedance ZL is 3000 and the highest obtainable characteristic impedance 
for a quarter wave transformers is 1450 the impedance seen at nodes b and dis 
constrained to a maximum of 660 as seen in Figure 3-4. 
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Figure 3-4: Impedance matching in a traditional dual feed network. 
To maintain flexibility in length (as one has to be 90 degrees longer that the other) the 
remaining feed line sections must be matched at the design frequency (Zx = Zo = Zy). 
Therefore the characteristic impedance and the impedance looking into these feed 
sections from node a are also constrained to 66 Q. Consequently the input impedance 
looking into the power splitter, for equal power division, can be no larger than 33 Q 
when this traditional design approach is adopted. This highlights one of the limitations 
inherent within the traditional design process as an additional quarter wave 
transfonner is required to match the input impedance at the power splitter to an input 
impedance of son at the input feed point of the antenna. 
3.2.3 Analysis 
Both radiating patch and microstrip feed lines were modelled using a transmission 
line model. 
3.2.3.1 Radiating patch analysis 
The input impedance ZL of each orthogonal TM mode can be determined using the 
transmission line model. It treats the patch as two radiating slots perpendicular to the 
feed line, separated by a transmission line length L12. The slots are represented by a 
conductance G and a susceptance B as shown in Figure 3-5. 
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Figure 3-5: (a) Microstrip patch antenna (b) Equivalent circuit. 
The admittance of each slot and hence input impedance at the feed point can be 
determined using [101] 
Y=G+ jB (3.8) 
where 
G = W [1 __ 1 (Ph)'] h 1 (3.9) -<-
120Aeff 24 An 10 
and 
B= 
W [1- 0.6361n(fJh)] h 1 (3.1 0) -<-
120Aeff An 10 
Where W the finite width of the patch (and equal to L) and h is the substrate height. f3 
is the phase constant in the substrate and can be determined using 
and (3.11) 
The input admittance at Slot # 1 is obtained by transferring the admittance of Slot #2 
using equation (3.12). 
3.2.3.2 Feed analysis 
The equivalent circuit of the dual feed antenna can be seen in Figure 3-6 where the 
feed lengths are represented sections of transmission line and each radiating TM mode 
by load impedance ZL (as determined in the previous section). The optimisation aims 
to minimise discontinuity between the feed line sections so discontinuity reactances 
are not included in the model. 
Zin 
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Figure 3-6: Equivalent circuit of dual feed network. 
3.2.3.3 Input impedance 
Using the equivalent circuit shown in Figure 3-6, the total input impedance at the feed 
point of the dual feed radiating element Zin can be determined. This is achieved by 
transforming ZL back through all of the feed line sections to node a using the 
relationship [102] 
[
z y + jZo tan{B)] 
Z =Zo 
x Zo + jZy tan (B) 
(3.12) 
Where Zx is the impedance looking into each feed line section, Zo is the characteristic 
impedance and Zy is the load impedance of each feed section. B = PI where I is the 
fractional length of each feed line section. Equation (3.12) reduced to (3.7) when the 
feed section is a quarter wave in length. 
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As the dual feed lines act in parallel the total impedance at junction a is determined 
usmg 
z. = ZlinZin 
In Zlin+ Z3in (3.13) 
where Z1in and Z3in are the impedance looking into feed sections Z1 and Z3 from node 
a. 
3.2.3.4 Axial ratio 
The axial ratio of the dual feed radiating element can be determined by finding the 
relative magnitude and phase of V2 and V4 as seen in Figure 3-6. The relationship 
between these voltages can be found by assuming a constant voltage source of one 
volt is applied at the feed point which is then transformed through the feed network. 
using the relationship 
(3.14) 
where N is the total number of feed line sections between V2 and V4, r nand Bn are the 
reflection coefficient and length of the nth length of feed line. A full derivation of 
equation (3.14) can be found in Appendix B. 
Once the relative phase and magnitude of V2 and V4 have been determined, the axial 
ratio can be calculated using equation (2.8) where the magnitude of each orthogonal 
mode, Ey and Ex, have the relationship 
(3.15) 
The phase between the two orthogonal mode voltages 
B = arg(~) (3.16) 
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3.2.4 Feed optimisation 
With a traditional dual feed patch design manufacturing capabilities restrict the input 
impedance at the dual feed point to 33n as identified in section 3.2.2.3. It is also 
noted that the step discontinuities between the matched feed line section and matching 
transformers are relatively large. 
The aim of this section is to increase the input impedance at the dual feed point from 
33n to 50n and remove step discontinuities between the various feed line sections by 
adopting an alternative design procedure based on resistive and reactive complex 
impedance matching. 
Using the transmission line model, it is possible to match a complex load to a 
complex source impedance [103]. This complex matching will introduce both real and 
imaginary parts (resistive and reactance elements) at the feed line junctions. Instead of 
maintaining a 90 degree phase difference between the two orthogonal modes using a 
quarter wave difference in path length, the phase difference will be obtained by 
summing the reactance at each junction within the feed network. Moreover, by 
varying the characteristic impedance and length of the transmission lines that make up 
the feed network, both impedance matching and the desired relationship between the 
amplitude and phase of the orthogonal mode voltages can be realised simultaneously. 
This approach cannot be implemented by direct analysis and would traditionally rely 
on a time consuming trial and error approach. Therefore, as there is no direct 
analytical approach, a Multi-objective Genetic Algorithm (MGA) program has been 
developed to optimise the size and length of the feed line sections while maintaining 
the conditions for circular polarisation and impedance matching at the dual feed point 
[17]. 
Two additional constraints are placed on the design parameters, one to ensure that the 
widths of the feed lines are as narrow as possible yet realisable. The other constraint is 
to ensure that the lengths of the feed lines are sufficient to fit the feed network around 
the radiating patch. 
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3.2.4.1 Objective functions 
For the structure shown in Figure 3-7 the design variables Z () Z () Z () Z () 
" I' 2' 2' 3' 3' 4' 4 
constitute the parameter set in the MGA. 
b 
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Figure 3-7: Design variables for dual feed network. 
The problem involves two objective functions, namely good circular polarisation and 
impedance matching conditions, therefore this can be characterised as a multi-
objective optimisation problem. These two objective functions are given by equations 
(3.17) and (3.18). 
Equation (3.17) describes the condition required for good circular polarisation where 
the amplitude of V2 and V4 are equal in magnitude and the phase of V2 and V4 differ by 
90°. For the structure shown in Figure 3-7, Equation (3.14) can be rewritten as 
(3 .17) 
here r r r and r are the refl ection coefficients atJ·unctions b, C, d. and e w 1' 1. 2 ' 3 4 ' 
respectively. 
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Equation (3.18) describes the condition required for good impedance matching. 
r = Zin -SO = 0 
In Z in +SO (3.18) 
Where rin is the input reflection coefficient at junction a and son is the desired input 
impedance at the dual feed point. 
3.2.4.2 Constraints 
For microstrip realisation values for the impedance parameters ZI,Z2,Z3,Z4 were 
restricted to a relatively high search interval of between 1200 and 14S0 to help 
reduce the coupling between the feed lines and the radiating patch (by making the 
tracks thin). 14S0 represents the maximum impedance that can be practically realised. 
Lengths fJ1,fJ2 ,fJ3 ,fJ4 were constrained to an interval between n/4 and n to ensure the 
resulting feed can physically fit around the radiating patch. 
The tolerance for IV2 /V4 1 was 1 ± 0.1 and the arg(V2 /V4 ) was 90° ± 4° , so as to ensure 
good circular polarisation (no worse than 0.6 dB at design frequency), while the 
tolerance for r in was ± 0.02 in order to produce a good impedance match (no worse 
than a VSWR 1.04: 1 at design frequency) at the feed point. 
3.2.4.3 The algorithm 
Genetic algorithms are structured to solve real-world problems by imitating the 
processes occurring in natural evolution. Each possible solution is mapped to a unique 
binary string. A set of strings constitutes a population which evolves from generation 
to generation through the application of genetic operations such as reproduction, 
crossover, and mutation. Reproduction is based on the principle of survival of the 
fittest where each string or chromosome is associated with a fitness value (from a 
predetermined fitness function) that reflects its fitness relative to other members of the 
population. The fittest chromosomes tend to reproduce more often. In the crossover 
mechanism genetic material from each parent is combined, exchanging portions of 
their chromosome strings. Mutation helps to regenerate the lost genetic material, it is 
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perfonned by randomly changing one bit of the chromosome. Mutation can be 
considered as the random search part of the algorithm. 
The MGA approach, based on non-dominating sorting genetic algorithm [104]. has 
been developed to produce sets offeasible solutions. A multi-objective optimisation 
approach has been adopted based on a non-sorting genetic algorithm procedure, a 
modification of a basic genetic algorithm which involves only the fitness evaluation. 
3.2.4.4 Optimisation solutions 
The genetic algorithm produced the sets of solutions seen in Table 3-1 for the feed 
network as seen in Figure 3-7. 
(}l Zl (}2 Z2 (}3 Z3 (}4 Z4 Zin /V2 /V4 / arg(V2/V4) CP 
1 2.31 135.0 1.96 132.4 0.8 135.2 1.16 134.3 50-0.5i 0.97 86 RHCP 
2 1.16 133.5 0.81 127.7 2.32 138.7 2.05 132.9 49.6+0.8i 0.95 88.2 RHCP 
3 1.9 134.8 2.3 138 1.16 135.48 1.0 136.1 p1.05+0.06i 1.07 86.3 LHCP 
4 1.01 139.3 1.01 143.3 0.67 141.7 2.28 140.1 52-0.281 0.98 90.2 LHCP 
5 1.2 137.4 0.74 137.1 2.3 135.7 1.97 138.6 49.5+0.5i 1.08 89.7 LHCP 
Table 3-1: Solutions. 
Selection was made from the solutions using the pre-assigned conditions and 
additional factors such as a requirement of similar values of characteristic impedances 
of the feed lines network. It can be seen that the set of LHCP solutions in row 5 are so 
similar it is possible to use an average value of 137.20 for all four feed line 
impedances. This makes the design particularly attractive as this removes any step 
discontinuity between the feed line sections minimising spurious radiation. It is also 
noted that the algorithm has also successfully achieved an input impedance of 50n at 
the power splitter. This is higher than the traditional dual feed network using resistive 
matching with quarter wave transfonners which was constrained to a maximum of 
33n by manufacturing capabilities. As a consequence, the structure is more desirable 
for use in arrays as the higher input impedance leads to thinner feed lines in the arrays 
feed network. As a single radiating element the structure is more compact as there is 
no longer the requirement for a matching transfonner at the dual feed point. 
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3.3 Practical Results 
The optimised dual feed antenna was fabricated using Rodgers RT 5870 Duroid. This 
low loss antenna substrate had a specific permittivity of Er of 2.33 , a substrate height 
of 0.79 mm and was coated on both sides with 120z copper. The dual feed structure 
was etched from the top copper layer using traditional printed circuit board 
techniques, the lower copper layer was retained for the antennas ground plane. 
The integrity of the design has been confirmed over a frequency range of 5.4 - 6.2 
GHz. Measurements of input impedance were made using an Anritsu 37347C vector 
network analyser. A measured VSWR 2: 1 bandwidth of 3.3% from 5.7 to 5.893 GHz 
is confirmed in Figure 3-8 (a). The 90 degree cusp in the Smith chart locus seen in 
Figure 3-8 (b) indicates good circular polarisation, this impedance locus is typical for 
this type of circularly polarised radiating element. 
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XXXXX Analysis presented in 3.2.3 
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(b) 
Figure 3-8: Practical measurements of input impedance for optimised dual feed 
antenna (Z1 = Z2 = Z3 = Z4 = 137.0, 81= 1.20, 82= 0.740, 83= 2.3 0, 84= 1.9Tas defined in 
Figure 3-7). 
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Measurements of bore sight axial ratio were made over a frequency range of 5.4 to 6.2 
GHz in an anechoic chamber. As the angle of the azimuth with respect to the antenna 
structure cannot be guaranteed, measurements were made at all angles of phi. This 
method and apparatus is described further in Appendix C. The measurements of axial 
ratio confirm circular polarisation as shown in Figure 3-9. A 3 dB axial ratio 
bandwidth of 0.70/0 is confirmed between 5.780 and 5.820GHz which is less than the 
VSWR 2: 1 bandwidth seen in Figure 3-9. This relationship is expected for this type of 
radiating element (as previously discussed in section 2.5.2). 
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Figure 3-9: Practical results of bore sight axial ratio for optimised dual feed microstrip 
patch antenna (Zl = Z2= Z3= Z4= 137n, 81= 1.2°, 82= 0.74°, 83= 2.3°, 84= 1.9T as 
defined in Figure 3-7). 
Good agreement is seen between measured results and the analysis presented in 
section 3.2.3 for input impedance and axial ratio performance, confirming the 
integrity of the analysis and the validity of this design approach. In both cases 
characteristical dual feed performance is demonstrated but a higher input impedance 
of 50n has been obtained at the dual feed point. 
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3.4 Conclusion 
The dual feed radiating element has been successfully modelled using the equivalent 
circuit derived in section 3.2.3. Although this model neglects feed radiation and 
surface waves it performs with good accuracy when a thin low loss substrate is used 
for practical realisation. 
Manufacturing capabilities constrain the input impedance seen at the power splitter to 
33.0 when a traditional resistive matching design approach is adopted. Applying a 
complex matching technique involves eight unknown variables; therefore a closed 
form solution can not be obtained with ease. Using the MGA, with specified 
constraints, it was possible to increase the input impedance at the power splitter to 
50.0. As a consequence, when the antenna is used in isolation, there is no longer the 
need for a quarter wave matching transformer between the feed point of the antenna 
the dual feed point. This not only reduces design complexity, but also reduces the size 
of the structure requiring less board space in which to realise the design. The increase 
in input impedance makes the antenna more desirable for use within the antenna 
arrays presented in the following chapter as it allows the use of higher impedances 
within the arrays feed network. As a direct result the width of the tracks within the 
arrays feed network is less and unwanted coupling between the arrays feed network 
and the radiating elements reduced. 
An additional benefit of using the MGA within the design process was the ability to 
make the impedances that make up the feed line the same value removing physical 
step discontinuities between the feed line sections, hence reducing spurious feed 
radiation. 
Practical measurement of input impedance and axial ratio bandwidth are in good 
agreement and confirm the validity of this approach. 
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CHAPTER 4 
SEQUENTIALLY ROTATED ARRAYS 
4. 1 Introduction 
Sequential rotation of radiating elements has been shown to increase the input 
impedance bandwidth, polarization purity and the radiation pattern symmetry of 
microstrip patch antenna arrays without the need to increase the bandwidth of the 
radiating elements. Much work has been undertaken on the design and application of 
sequential rotation to microstrip arrays using a corporate feed network. In this chapter 
the optimised dual feed radiating element, which was presented in the previous 
chapter, is sequentially rotated to form two, three and four element arrays that use an 
out-of-line series feeding system. 
Input impedance and axial ratio frequency performance are determined for both series 
and corporate feeding techniques. The transmission line analysis presented in the 
previous chapter is expanded to incorporate the unique geometry of each arrays feed 
network. Using an equivalent circuit, the relative performance of both feeding 
techniques is evaluated. 
The performance of the two, three and four series fed arrays using an alternative 
single fed planar radiating elements is also presented. 
The performance of the new series fed arrays is confirmed by practical measurement. 
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4.2 Sequential rotation 
Two typical examples of four element corporate fed sequentially rotated arrays can be 
seen in Figure 4-1. 
900j 
.... --... ---... 
Figure 4-1: (a) Two orthogonal patch pairs arranged at 0°,90° and 0°,90° (b) Four 
individually rotated patches arranged at 0°, 90°, 180°, 270°. 
Figure 4-1 (a) consists of two orthogonal pairs of circularly polarised radiating 
elements. The elements within each pair are rotated 90 degrees with respect to each 
other. This physical rotation is compensated for by an excitation phase delay of 90 
degrees within each pair. The patch pairs share orientation and feed phase. This array 
has a sequential rotation factor of one (see equation (4.1)). In Figure 4-1 (b) all four 
elements have individual rotation and are fed with individual phase therefore this 
example has a sequential rotation factor of two. 
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A more generalised use of sequential rotation was originally proposed by Teshirogi 
[11], using a schematic arrangement of an M-element array of circularly polarised 
radiating elements. 
m = 1 
m=2 
¢;p3 
¢e3 
¢e2 
M -Way 
Power Splitter 
¢eM 
Figure 4-2: Configuration of a sequentially rotated array. 
m =3 
m=M 
¢;pM 
Figure 4-2 shows an array of M patches, the Jvfh patch has a physical rotation ¢Pm from 
a fixed reference angle and an excitation phase delay of t/lem. These rotation angles and 
feeding phases are determined by the following equations 
,/, = (m-l)p7r 
'{'em M 
,/, = (m -1)p7r 
'('pm nM (4.1) 
Where the sequential rotation factor p is an integer, M is the total number of radiating 
elements and n represents the azimuthal number of the array which is 1 for the 
fundamental mode. 
Therefore for each element pair in Figure 4-1 (a) M= 2 as there are two elements and 
p = 1. ¢pI = 0° and ¢p2 = 90 0 as the elements are positioned orthogonally in space. tAl = 
0° and r/Je2 = 90°, this delay in excitation being achieved by an offset between the feed 
point and each radiating element. In Figure 4-1 (b) M = 4, p = 2 and ¢pm, and t/lem are 
0°, 90°, 180° and 270° respectively. 
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4.2.1 Input Impedance 
If each radiating element in Figure 4-2 is fed with equal power, the excitation voltage 
at each radiating element Vo is also equal. If the electrical distance between the M way 
power splitter and each radiating element is t/Jem then reflections from mismatched 
elements travel another t/Jem back to the feed. The total voltage reflected back to the 
power splitter from mismatched elements Vr can therefore be determined using [11] 
M 
V = vr~ e(j2¢em) 
r 0 L..J (4.2) 
m=1 
where r is the reflection coefficient of each radiating element. 
Substituting (4.1) into (4.2) and using a geometric progression equation (4.2) can be 
reduced to [12]: 
• (M-l)pJr) 
smp71 j V = vr e M 
r 0 • p71 
sm-
M 
(4.3) 
Vr is equal to zero, providing that ° < P < M is satisfied, and perfect input return loss 
will result. 
4.2.2 Axial ratio 
If the radiated field from the first element EJ is assumed to be elliptically polarised 
then 
El ((),t/J) = a((),t/J)B + jb(B,t/J)¢ (4.4) 
Where B and ¢ are orthogonal unit vectors and a, b are the amplitude of the 
components. 
The total field of the array is given by summing the Jvfh element fields. The total field 
on boresight (0 = 0, t/J = 0) is therefore given by [12] 
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M M 1 . (M-l)p7r 
Et(O,O) = IEm=-(a+b)(B+ j¢)+_(a_b)(B_j¢)smptr / M (4.5) 
m=l 2 2 . ptr 
sm-
M 
The first term represents the desired hand of polarisation and the second term the 
unwanted or cross polarisation. The second term disappears if a = b as all elements 
are perfectly circularly polarised and no cross polarisation is radiated. The second 
term also disappears ifO <p < M as the components of the elliptically polarised 
radiating elements are phased to cancel. 
Equation (4.5) assumes that a fully isolated power splitter is used and only the first 
reflections from mismatched radiating elements back to the feed point are considered. 
In reality, multiple reflections will scatter within the feed network. This will usually 
degrade array input impedance. As these additional reflections will contribute to each 
radiating elements excitation and be re-radiated, there is also degradation in array 
axial ratio. Taking only the first dominant additional reflection into account equation 
(4.5) becomes [12] 
M M "" 1 "" sinptr j-,--(M_-l--"-,-)p_7r 
Et(O,O) = IEm=-(a+b)(B+ j¢)+-(a-b)(B- j¢) e M 
m=l 2 2 sin ptr 
• (M-l)p7r 
_ r M - 1 (a + b )( B + j ¢) SIn p tr sin M 
M sin ptr 
M 
. (M -l)ptr 
r "" I sm . ·(2M l)P7r M smptr -j --+-(a+b)(B+ j¢) - e M 
2 M sin ptr sin _p_tr 
M M 
M 
2sin2ptr _j(2M_l)P7r 
---=---e M 
. 2ptr 
sm--
M 
(4.6) 
All of the additional terms in (4.6) are zero when r is zero as no power is reflected 
back into the feed network by the radiating elements. The first additional term is 
reference circular polarisation and is zero when ° < p < M. The second term is cross 
polarisation and zero when the radiating elements radiate perfect circular polarisation 
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as a = b. This cross polarisation is also zero for all values of p and M except when p = 
M12. 
The conclusion of [12] was that internal reflections within the feed network dominate 
array performance. Both feed phase errors and higher order modes were also 
evaluated however the internal reflections were identified as the predominant 
problem, particularly when single layer narrow band radiating elements realised on 
relatively thin substrates are used, this problem being worst in arrays where p = MI2 
(as demonstrated by equation 4.6). 
As only one non-isolating power splitter has been accounted for, this is an unlikely 
choice of feed design; not easily realised using common feeding methods such as 
microstrip lines. Due to the importance of internal reflections, accurate expressions 
for array performance are difficult to make without the inclusion of a specific feed 
geometries' design parameters as these affect both the amplitude and the phase of the 
internal reflections. This is partially identified in [67] where Hall took a more rigorous 
approach to modelling an actual corporate feed network using a transmission line 
model. 
The four element array is an attractive choice for many applications, the rectangular 
lattice making it a good building block in larger arrays. Both purely analytical 
approaches [12] and experimental measurement [67] confirmed that the four element 
array, where M = 4 and p = 2, performed less well due to the internal reflections 
within the corporate feeding geometry. 
4.3 Feed Geometry 
The corporate feed configuration used by Hall in [67] for two (where M = 2, p = 1), 
three (where M= 3,p = 2) and four (where M= 4,p = 2) element arrays are shown in 
Figure 4-3 (a). Each element's physical rotation and feed phase delay are shown in 
degrees. In a conventional corporate feed the distance between the feed point of the 
array and each radiating element is equal. As a consequence, away from design 
frequency, excitation phase remains constant across the array. Equal excitation 
amplitude is also maintained as the power splitting at each feed junction also remains 
equal. From Figure 4-3 (a) it can be seen that this is no longer the case when a 
64 
corporate feed is used in a sequentially rotated array as the delays in excitation that 
are necessary to compensate for the physical rotation of each radiating element are 
implemented by change in feed line length. As a direct consequence, the attractive 
features traditionally associated with a corporate feed are lost as uniform power 
splitting and excitation phase no longer remain away from design frequency. 
o 90 o 90 
o 120 240 0 120 240 
I Jl120~ H120J l" 
o 90 180 270 0 90 180 270 
1 90 I I 90~ H 90 J 
'Ill 
(a) (b) 
Figure 4-3: Element rotation and feed phase delays (in degrees) within the feed 
network of a 2, 3 and 4 element sequentially rotated antenna array with (a) a corporate 
feed [ 67] (b) a series feed. 
Instead of a traditional corporate feed, it is proposed to use an out-of-line series feed 
network with excitation delays as seen in Figure 4-3 (b). In a conventional series fed 
array, the radiating elements are generally arranged physically in line. Equal 
excitation phase is accomplished by spacing each element by an integer of a 
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wavelength. A drawback to this feeding method is scan skew away from design 
frequency as relative feed phase uniformity deteriorates. 
When the series feed is adapted for use in a sequentially rotated array, where the 
radiating elements are physical rotated with respect to each other, the excitation phase 
delays necessary to compensate for this physical rotation are implemented by 
changing the distance between each element from a multiple of one wave length to the 
appropriate feed phase delay (¢em in Figure 4-3). However, reflected signals will no 
longer be re-radiated in correct phase; consequently a non-resonant traveling wave 
array, where the feed is impedance matched to the radiating elements, is required. 
Equal power distribution across the array is accomplished by diverting an Jvlh amount 
of power to each radiating element at each feed junction. 
4.4 Transmission line model 
In the following section, the transmission line model derived to analyse the dual feed 
radiating element in Chapter 3 is expanded further to model an entire array of two, 
three and four radiating elements. This allows an insight into the comparative 
performance between the corporate feed network presented in [67] and the same 
arrays using a series feed network. 
4.5 Series feed equivalent circuit 
In the following section equivalent circuits for the series fed arrays seen in Figure 4-3 
(b) are presented. The sections of feed line are represented by transmission lines and 
the dual feed radiating elements by a load impedance ZL (as derived in the previous 
chapter). 
The series feed must ensure that equal power is diverted to each radiating element and 
the radiating elements are matched to an input impedance at the feed point of the 
array. 
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4.5.1 Two element array 
The equivalent circuit of the two element array can be seen in Figure 4-4. Power is fed 
into the feed network at node a. Half of this power is diverted to the first radiating 
element attached to node b, and the remaining power fed to the second radiating 
element attached to node d. 
Figure 4-4: Equivalent circuit for a series fed two element array. 
At node a, for equal power splitting, the impedance looking into Z2 must equal the 
impedance looking into Z3. Therefore 
(4.7) 
and for correct impedance matching to an array input impedance of 50n 
(4.8) 
where Zjouf is the input impedance to the array. The impedance looking into Z2 and 
Z3 can therefore be determined by substituting (4.7) into (4.8) 
(4.9) 
At node C, for correct impedance matching 
(4.10) 
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4.5.2 Three element array 
The equivalent circuit of the three element array can be seen in Figure 4-5. Power is 
fed into the feed network at node a. The radiating elements are attached to nodes b, d, 
and f. 
, ,-~------,~-
0-
Z1 a Z3 Z5 e 
Z2 Z6 
b d f 
" 
- -, 
ZL ~ ZL O'ZL 
Figure 4-5: Equivalent circuit for a series fed three element array. 
At node a, for correct power splitting a third of the power must go to first radiating 
element hence 
(4.11) 
and for impedance matching 
(4.12) 
The value looking into Z2 and Z3 can therefore be determined by substituting (4.11) 
into (4.12) 
(4.13) 
At node c, for equal power splitting, as the remaining power needs to be equally 
distributed between the remaining two radiating elements. 
(4.14) 
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and for correct impedance matching 
(4.15) 
therefore 
(4.16) 
At node e, for correct impedance matching 
(4.17) 
4.5.3 Four element array 
The equivalent circuit of the four element array can be seen in Figure 4-6. Power is 
fed into the feed network at node a. The radiating elements are attached to nodes b, d, 
f and h. 
---.-----1 i~-- .-: I 
Zs Z7 9 
Z6 Z8 
-
d I f I , h -
ZL - ZL ZL U i ) 
Figure 4-6: Equivalent circuit for a series fed four element array. 
At node a, for correct power splitting (quarter of the power going to first radiating 
element) 
( 4.18) 
and for correct impedance matching 
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(4.19) 
The impedance looking into Z2 and Z3 can therefore be determined using 
(4.20) 
At node c, for correct power splitting (as a third of the remaining power needs to be 
diverted to the next radiating element). 
(4.21) 
and for correct impedance matching 
(4.22) 
therefore 
(4.23) 
At node e, for equal power splitting (as the remaining power needs to be equally 
distributed between the remaining two radiating elements). 
(4.24) 
and for correct impedance matching 
(4.25) 
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therefore 
(4.26) 
At node g, for correct impedance matching 
(4.27) 
4.6 Series feed impedance determination 
The feed phase delay required to compensate for the physical rotation of the radiating 
elements is implemented with the odd lengths of feed section (Bodd= f/Jem) and 
determined using (4.1). The dual feed point of each radiating element is matched to 
the main feed network using quarter feed sections, therefore all even lengths of feed 
section are a quarter wave in length (Beven = 90°). This is illustrated in Figure 4-4. 
In the three element array, the phase delay implemented by the odd feed sections (93 
and 95) is 120 degrees so matched feed sections are required (the impedance looking 
into each end of this feed line section must be the same as its characteristic 
impedance). In the two and four element array, the feed phase delay is 90 degrees 
allowing the use of quarter wave matching transformers for the sections, thus allowing 
the source and load impedance of these odd feed sections to differ. 
In all cases, Z2 is a function of both the input impedance into the array (Zjout) and the 
input impedance to the dual feed point of the fIrst radiating element (ZL). Z2 is 
therefore constrained to a specifIc value that satisfIes both of these conditions; for the 
same reason Z3in is also constrained to a specifIc value. Z3 and Z30ut in the three 
element array are also constrained to the value of Z3in as a matched line is required 
(due to 120 degree length). However, if they satisfy conditions for correct power 
splitting and impedance matching, the characteristic impedance of the remaining feed 
sections are only constrained by the limits imposed by microstrip line realisation and 
the load impedance of the radiating elements. 
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Solutions for the two and three element array have been generated manually; 
however, due to the large number of unknown variables, manual generation of the 
variables within the 4 element array is too complex to find efficient solutions. The 
feed values were therefore generated and optimised for minimum track width using 
the optimisation algorithm presented in the following chapter. 
The design parameters for the three series feed networks can be found in Table 4-1 
where the input impedance at the feed point of the array was set to son and the input 
impedance to the radiating elements set to son. 
Design Two element Three element F our element 
Parameter array array array 
Z; son 50 n son 
f), 0° 0° 0° 
Z2 70.7 n 86 n 100 n 
f)2 90° 90° 90° 
Z3 100 n 75 n 80 n 
f)3 90° 120° 90° 
Z4 70.7 n 86 n 120 n 
f)4 90° 90° 90° 
Z5 150 n 96n 
f)5 120° 90° 
Z6 86n 80 n 
f)6 90° 90° 
Z7 128 n 
f) 7 90° 
Z8 80 n 
f) 8 90° 
Table 4-1: Design parameters for series fed arrays. 
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4.7 Array performance 
Array performance can be obtained by expanding the analysis derived to model the 
dual feed radiating element presented in Chapter 3. 
4.7.1 Input impedance 
Array input impedance, as a function of frequency, can be determined by 
transforming each radiating element's input impedance through the feed network, 
back to the input terminal. 
The input impedance of each radiating element (ZL), derived in Chapter 3, is 
transformed through the even numbered series feed sections using 
ZL + jZo tan(~) 
Z, + jZj tan(;) (4.28) 
where Zin is the input impedance and Zo is the characteristic impedance of each even 
feed line section. The length of these feed sections is set to 7[/2 as the resulting quarter 
wave transformer allows the radiating elements to be easily matched to the main feed 
section. 
Impedances are transformed through the odd numbered feed sections using 
(4.29) 
where Zout is the impedance looking into each odd feed section back to the array feed 
point and ¢Pm is the feed phase delay for that array. 
The impedance at each node is resolved using 
Z Zoddin x Z in out = even 
odd Z· Z 
odd1n + evenin (4.30) 
as detailed in the previous section. 
Array input impedance of the four element array is therefore determined by 
transforming ZL (the input impedance of the last patch) up Z8 and then Z7 using (4.28) 
and (4.29). The input impedance of the next patch is transformed up Z6. The resulting 
impedance looking into node e is found by adding the resulting transformed 
impedances using 
Z5 Z6in x Z7in out=-----
Z6in+Z7in (4.31) 
In the same way, this impedance is then transformed back to node c through Zs and 
summed with the next radiating elements input impedance, once it has been 
transformed up Z4. This continues until the input impedance of all radiating elements 
have been transformed back to the arrays feed point. 
4.7.2 Axial ratio 
The axial ratio of a single radiating element can be found by determining the relative 
phase and magnitude of the orthogonal mode voltages as described in Chapter 3. The 
array's axial ratio can be determined by summing the relative magnitude, phase and 
physical orientation of the fields from all of the patches that make up that array. 
As with the dual feed radiating element, the reflection coefficients at all the junctions 
within the feed network must first be determined. Both magnitude and phase of each 
patches orthogonal mode voltage relative to the feed signal can then be obtained by 
multiplying the voltage ratio of each feed section back to the arrays input terminal. A 
relative comparison can then be made between the magnitude and phase of each 
patch's orthogonal mode voltages. 
The relative amplitude and phased of each orthogonal patch mode voltage was 
determined by transforming all orthogonal patch mode voltages back through the 
array to the arrays feed point using equation (3.14). These voltages were then resolved 
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into X and Y components. If the first dual feed patch in the array has relative 
orthogonal mode voltages Va and Vb, the contribution from Va to the X and Y 
components (Vax and V ay respectively) of the resulting far field radiation pattern is 
given by 
(4.32) 
Where ¢Pm is the physical rotation of that element. 
The contribution from Vb can be found in the same way, however as the two modes on 
the patch are orthogonal in space (for circular polarisation), 1[14 must be added to the 
rotation angle as Vb is physically rotated 90 degrees with respect to Va. Therefore 
(4.33) 
The total contribution from each patch orthogonal mode voltage to the X component 
of the far field radiation pattern is therefore given by 
(4.34) 
and the total resulting Y component is given by 
(4.35) 
It should be noted that in an array where the sides of the patches are in geometric 
alignment (as in the two and four element array), each orthogonal mode voltage will 
contribute wholly to only the X or Y component. Therefore in equation (4.32) and 
(4.33) either the first or second term will always be zero. However provision as to be 
made for cases where the patches orthogonal modes are not in relative alignment with 
each other as in a three element array. 
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4.7.3 Series feed performance 
Using analysis presented in the previous section both VSWR and axial ratio frequency 
performance were determined for the two, three and four element arrays. 
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Figure 4-7: (a) VSWR (b) Axial ratio performance of a two, three and four element 
array using a series feed network (cr = 2.33 , h = 0.79 mm). 
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Although an improvement is seen over the single radiating element, the two element 
array displays the least VSWR and axial ratio bandwidth improvement of the three 
series fed arrays presented here. The three element array has a wider VSWR 
bandwidth than the two element array this improvement is not symmetrical around the 
design frequency, as seen in Figure 4-7 (a), and the VSWR 2: 1 bandwidth is very 
sensitive due to the amount of ripple in the pass band. The four element array has the 
widest bandwidth, with a VSWR 2: 1 bandwidth that is almost twice as wide as that 
demonstrated by the other series fed configurations presented here. 
The 4 element array also has the widest axial ratio bandwidth although only 
marginally wider than the 3 element array which in turn is marginally wider than the 
two element array as seen in Figure 4-7 (b). Although axial ratio bandwidth does 
increase over that of the single radiating element, the improvement is not as large as 
seen with the VSWR bandwidth. 
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4.7.4 Corporate feed performance 
The characteristic impedance and length of the feed line sections of the arrays seen in 
Figure 4-3 (a) (where d2 = 0 in reference [67]) can be found in Figure 4-8. 
500 500 1500 
240° 
1000 1500 
90° 120° 
70.10 70.10 86.60 86.60 86.60 
90° 90° 90° 90° 90° 
(a) (b) 
500 
1000 
180° 
70.10 70.10 
90° 90° 
1000 1000 
90° 90° 
70.10 70.10 70.10 70.10 
90° 90° 90° 90° 
(c) 
Figure 4-8: Design parameters for (a) two, (b) three and (c) four element corporate fed 
array. 
The analysis presented in Section 4.7.1 and 4.7.2 is used to evaluate the performance 
of the corporate fed arrays seen in Figure 4-8. Both input impedance and axial ratio 
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performance can be seen in Figure 4-9. The results are in good agreement with [67] 
which predicts the three element array to have superior performance over the two and 
four element arrays. 
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Figure 4-9: Performance of a two, three and four element array using a corporate feed 
network (£r = 2.33, h = 0.79 mm) (a) Input impedance and (b) Axial ratio . 
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The perfonnance of the two element array (where M = 2 and p = 1) is the same as the 
perfonnance of the four element array (where M = 4 and p = 2). This is expected as 
the four element array is composed of two 2x 1 element pairs. The patch pairs require 
a 180 degree difference in feed phase, so are separated by a half wave section of feed 
line which acts as an impedance transfonner with no cancellation effect. These 
configurations have the narrowest input impedance and axial ratio bandwidths. This is 
expected as both two and four element array configuration satisfy p = M12; shown in 
Section 4.2 to be least sympathetic to multiple internal reflections within the corporate 
feed network. The three element array has the broadest bandwidth when a corporate 
feed is used. 
4.7.5 Series and Corporate feed comparison 
The perfonnance of the two element array is the same for both corporate and series 
fed arrays. This is because when the 90 degree feed delay is introduced into the 
corporate feed it adopts the same geometry as the series feed (as seen in Figure 4-3). 
The perfonnance of the corporate fed 3 element array is not only more symmetrical 
around design frequency than the series fed example, but also has the widest axial 
ratio bandwidth of all arrays considered in this section. However, from a geometrical 
perspective, this array is not as attractive as the 4 element array. The four element 
array using a series feed not only out perfonns the four element corporate fed array 
but also demonstrates the widest VSWR 2: 1 bandwidth of all arrays considered in this 
section. A summary of all array perfonnance can be found in Table 4-2. 
Feed Bandwidth 2 patch array 3 patch array 4 patch array 
VSWR2:1 5.2% 7.9% 10.4% 
Series 
3 dB Axial Ratio 3% 3.1% 3.5% 
VSWR2:1 5.2% 6.1% 5.2% 
Corporate 
3 dB Axial Ratio 3% 4.2% 3% 
Table 4-2: Bandwidth of series and corporate fed two, three and four element arrays. 
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4.8 Alternative radiating elements 
The optimised dual feed radiating element developed in chapter 3 have so far been 
used in the arrays. In the following section evaluation is made into array performance 
when a single feed nearly square radiating element is used as an alternative monolithic 
radiating element. Later, in Chapter 7, array the performance of the four element 
serial fed arrays using a multi layer aperture coupled radiating element is also 
evaluated. 
4.8.1 Single feed radiating element design 
The design parameters for a single feed nearly square patch antenna can be found in 
Figure 4-10. 
a 
b 
Figure 4-10: Nearly square patch design parameters (a = 16.495 mm, b = 16.135 mm, 
Zin = 3050, Zo = 1230, ZL = 500, h = 0.79 mm and Cr = 2.33). 
The dimensions of the patch a and b were determined using a method based on the 
Green function approach as detailed in [105]. Zin is the input impedance seen at the 
comer of the nearly square patch and was determined using [106]. 
Three array configurations of single feed radiating elements can be seen in Figure 
4-11 they share physical rotation and the feed phase with the arrays of dual feed 
radiating elements seen in Figure 4-3 (b). 
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Feed Point 
M=2p= 1 M=3p=2 M=4p=2 
(a) (b) (c) 
Figure 4-11: Two, three and four element arrays using single feed nearly square 
radiating elements. 
The quarter wave matching transformer between the comer of the nearly square patch 
and the series feed network ensures an input impedance ZL of 50 ohms, allowing the 
use of the series feed design parameters presented in Table 4-1. 
Single feed radiating elements have far less dimensional tolerance than dual feed 
radiating elements. As a consequence, due to the detuning effect of adjacent elements, 
they are far more sensitive to mutual coupling. For this reason, VSWR and axial ratio 
performance has been evaluated using full wave simulation and are presented in 
Figure 4-12. 
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From Figure 4-12 it can be seen that the performance of the arrays using single feed 
radiating elements is characteristically similar to the performance of the same arrays 
using the optimised dual feed radiating elements. This information is summarised in 
Table 4-3. The arrays with single feed radiating elements demonstrate less VSWR and 
axial ratio bandwidth when compared to the arrays using dual feed radiating elements. 
Although the input impedance of the three element array demonstrates the same 
characteristical frequency performance, the VSWR 2: 1 bandwidth is substantially less 
due to increased ripple in the pass band. 
2 patch array 3 patch array 4 patch array 
VSWR2:1 5.2% 7.9% 10.40/0 
Dual feed 
3 dB Axial Ratio 3% 3.1% 3.4% 
VSWR2:1 4.4% 5% 9.6% 
Single feed 
3 dB Axial Ratio 2.98% 2.9% 3.3% 
Table 4-3: Summary of bandwidth of monolithic Dual and Single feed radiating 
elements. 
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4.9 Practical realisation 
4.9.1 Array layout design 
The series fed arrays described in Figure 4-3 (b) can be seen in Figure 4-13. The 
radiating elements form small clusters as this helps radiation pattern symmetry [67]. 
The series feed line sections were wrapped around to fit within the radiating elements 
and, where possible, smooth bends were used as it has been shown that this can 
reduce spurious feed radiation [107]. It is noted that the series feed offers a 
particularly elegant and compact structure. Indeed at this patch spacing, when dual 
feed radiating elements are used, there is insufficient room for a corporate feeding 
system without the feed line sections becoming over crowded. 
Feed point 
M= 2p = 1 M=3p=2 M=4p=2 
(a) (b) (c) 
Figure 4-13: Sequentially rotated series fed arrays composed of two, three and four 
dual feed radiating elements. 
4.9.2 Fabrication 
The series fed arrays were fabricated using 0.79 mm 1I2oz RT 5870 Duroid (Er of 
2.33) using traditional printed circuit board techniques. In all cases the arrays are 
probe fed from behind the ground plane using an SMA connector. 
4.10 Practical Results 
Measurements of input impedance and axial ratio were made between 5.4 and 6.2 
GHz. Practical measurement of input impedance were made using an Anritsu 3734 7C 
vector network analyser and measurements of axial ratio made within an anechoic 
chamber as described in Appendix C. 
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From Figure 4-14 it can be seen that the two patch array has a measured VSWR 2:1 
bandwidth of 5.4% between 5.6346GHz and 5.9463GHz. The axial ratio has was 
measured at less than 3 dB between 5.711 and 5.885GHz resulting in a 3 dB 
bandwidth of 3%. 
From Figure 4-15 it can be seen that the three patch array has a VSWR 2: 1 bandwidth 
of7.6% between 5.505GHz and 5.95GHz. The 3 dB axial ratio bandwidth was 
measured at 2.6% between 5.76 and 5.9GHz. 
From Figure 4-16 it can be seen that the four patch array has a VSWR 2:1 bandwidth 
of 10.4% between 5.48GHz and 6.085GHz. The 3 dB axial ratio bandwidth was 
measured at 3.1% between 5.705 and 5.885GHz. 
These results are in close agreement with the results generated from the analysis 
presented in 4.7.3 as seen in Table 4-4. 
2 patch array 3 patch array 4 patch array 
Modelled 5.2% 7.9% 10.4% 
VSWR 
Measured 5.4% 7.6% 10.4% 
Modelled 3% 3.1% 3.4% 
3 dB Axial Ratio 
Measured 3% 2.6% 3.1% 
Table 4-4: Summary of predicted and measured results. 
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4.11 Conclusion 
Sequential rotating radiating elements leads to an improvement in VSWR and Axial 
ratio bandwidth. The amount of improvement is dependant upon both the choice of 
feed geometry and number of radiating elements in each array. 
Both series and corporate fed two element arrays demonstrate the same bandwidth 
performance. This is because in a two element array the feed geometries are 
equivalent. 
In the three element arrays, the VSWR 2:1 bandwidth is wider when a series feed is 
used but the pass band is very sensitive and not symmetrical around design frequency. 
The corporate fed three element array demonstrates widest 3 dB axial ratio frequency 
bandwidth of all arrays considered in this chapter. 
While the four element corporate fed array has the same bandwidth as the two 
element arrays, the four element series fed array has the widest Axial Ratio bandwidth 
of all series fed arrays and the widest VSWR 2: 1 bandwidth of all arrays considered in 
this chapter. 
The optimum array configuration will depend upon the real estate resource, gain and 
bandwidth requirements of a specific application. 
It is also noted that the compact nature of the series feed allows the use of dual feed 
radiating elements. Although the arrays of single fed radiating elements have a less 
congested feed network, the dual feed radiating elements are more robust to 
manufacturing tolerances and less susceptible to mutual coupling. 
In all cases both modelled and measured results were in close agreement. 
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CHAPTER 5 
OPTIMISED DESIGN OF 2X2 ARRAY 
5. 1 Introduction 
The logistics of an access control application scenario require the range between the 
OBU and the RSU to be restricted to the length of one vehicle as an unauthorised 
vehicle refused at a barrier should not be granted access by an authorised vehicle 
approaching from behind. Furthermore, a broad communication zone is advantageous 
as lane discipline cannot always be guaranteed at a barrier entry. These requirements 
are quantified in Table 1-1 and can be satisfied by a four element 2x2 microstrip 
antenna array. This configuration is particularly attractive as the resulting rectangular 
lattice is well suited to act as a building block in larger arrays, as seen in the following 
chapter. This chapter presents the optimum design of a 2x2 array for use within the 
RSU of an access control system. Both optimisation of the feed network and optimum 
choice of dual feed radiating element are investigated. 
In the previous chapter, it became apparent that manual generation of the feed 
impedance values for the four element series fed array was problematic as there is no 
closed form expression to represent all eight feed impedance values. As a 
consequence, the values must be generated using a time consuming process of trial 
and error that is very inefficient when performed manually. The series feed network 
needs to ensure equal distribution of power to each patch antenna while maintaining 
impedance matching at the design frequency. These constraints do not uniquely define 
values for the feed impedance elements allowing investigation of optimum solutions 
which have other desirable features. 
In this chapter an adaptation of SA is used to optimise the series feed network. A brief 
historical introduction into SA is presented; the algorithm is then described and 
implemented using a computer program. The program is used to generate feed 
impedance values which are then optimised to a high target value resulting in thin 
PCB tracks. Various alternative objective functions are also considered. As a direct 
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result of this research an lEE Electronic Letter has been published titled "Application 
of simulated annealing to design of serial feed sequentially rotated 2x2 antenna array" 
[18]. Furthermore, this array has successfully been used within the RSU of a 
commercial traffic management system. 
In Chapter 3 two designs of dual feed radiating elements were presented. Both a 
traditional design, where the radiating patch was matched to the dual feed using 
quarter wave transformers, and an optimised design that used complex impedance 
matching were studied. This chapter also investigates the performance of the 2x2 
array when the traditional dual feed radiating elements is used. Both the effect upon 
array bandwidth and practical implications are highlighted. It was shown in chapter 3 
that when a traditional design approach is adopted, the designer has the freedom to 
change the length of the dual feed lines while maintaining the conditions necessary for 
circular polarisation. The effect altering the traditional dual feed line length has upon 
array performance is also investigated. 
Experimental measurement confirms array performance, full wave simulation is also 
used to further validate the integrity of the optimised design approach. 
5.2 Series feed optimisation 
5.2.1 Simulated annealing 
SA exploits an analogy between the natural annealing process (the way in which a 
metal cools and freezes into a minimum energy crystalline structure) and the search 
for a minimum in a more general system. The technique is based upon an algorithm 
originally presented by Metropolis et al. [108] as a means of finding the equilibrium 
configuration of a collection of atoms at a given temperature. The connection between 
this algorithm and mathematical minimisation was first noted by Pincus [109], but it 
was Kirkpatrick et al. [110] who proposed that it form the basis of an iterative 
improvement optimization technique for combinatorial problems. 
In a traditional iterative improvement algorithm, a small change is made to a systems 
configuration and the resulting fitness of this candidate solution is measured using an 
objective function. If improvement is seen the candidate configuration is accepted as a 
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new configuration and the process is repeated until no improvement is seen. The 
fundamental problem with this approach is that it will become trapped in local but not 
global minima as it cannot cater for any up hill movement. This is not the case with 
SA as the Metropolis algorithm allows the possibility of accepting worse solutions. 
SA is an optimisation algorithm suitable for optimising very complex or poorly 
defined systems [110]. As a consequence there has been much recent interest in the 
use of SA to aid the design of micros trip patch antennas [111,112,113,114]. In this 
application its virtue is simplicity, well understood behaviour and its ability to 
determine a single solution. 
5.2.2 Network model 
The algorithm requires a model of the feed network to act upon. This model can be 
seen in Figure 5-1 and represents the equivalent transmission line circuit seen in 
Chapter 4. 
Z1in Z10ut Z3in Z30ut Z5in Z50ut Z7in Z70ut L. Z1 .J L. Z3 .J L. Z5 .J L. Z7 .J 0- a b c d 
Z2i~ Z4i~ Z6i~ Z8i~ 
Z2 Z4 Z6 Z8 
U 20ut U40ut V 60ut 1 LZ80ut 
ZL e ZL f ZL .g ZL Ct!) 
Figure 5-1: Impedance model of series feed network for the four element array. 
As the feed phase delays ¢p for this four element array are 90 degrees, all feed 
sections in Figure 5-1 are a quarter wave in length. Therefore the relationship between 
each feed sections characteristic impedance and the impedance looking into each end 
of that feed section can be determined using equation (3.7). 
Nodes a to h represent the feed junctions, where power is fed into the array at node a 
and the radiation elements are attached to nodes e, f, 9 and h. 
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During an optimisation run, when the value of a feed elements characteristic 
impedance is perturbed, this change must be translated to an appropriate change in 
load and source impedance of that feed section. When both ends of the feed element 
are free to move, the change in input and output impedances are scaled equally and 
can be determined using 
Zin' = k Zin and Zout' = k Zout (5.1) 
Where Zin' and Zout' are the new input and output impedance values and 
k = Zo'/Zo (5.2) 
Where Zo and Zo' are the original and the new characteristic impedance of that feed 
section. 
The impedance looking into some of the feed sections is fixed. The impedance 
looking into node a is constrained to the desired input impedance at the feed point of 
the array. The input impedance at nodes e, f, 9 and h are constrained to the input 
impedance of the radiating elements. Therefore if one end of a feed section is fixed to 
a value, its change in characteristic impedance has to be translated to a change in its 
remaining 'free' end using 
Zin' = k! Zin (5.3) 
Where Zin ' is the new impedance looking into the free end of that feed section. 
Appropriate change must also be made to all other impedances that connect to that 
node. As correct power splitting and impedance matching are required simultaneously 
at each node equations (4.18) to (4.27) must be satisfied. Therefore, the appropriate 
change to connecting feed elements impedance can be determined using 
Node a: IfZl changes then Z2in = 4Z10ut, Z3in = (4Z10ut)/3 
If Z2 changes then Z3in = Z2inl3, Zlout = Z2inl4 
If Z3 changes then Zlout = (3Z3in)/4, Z2in = 3Z3in 
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Node b: 
Node c: 
Node d: 
If Z3 changes then Z5in = (3Z30ut)/2, Z4in = 3Z30ut 
If Z4 changes then Z30ut = Z4in13, Z5in = Z4inl2 
If Z5 changes then Z30ut = (2Z5in)/3, Z4in = 2Z5in 
If Z5 changes then Z6in = 2Z50ut, Z7in = 2Z50ut 
If Z6 changes then Z50ut = Z6inl2, Z7in = Z6in 
If Z7 changes then Z50ut = Z7inl2, Z6in = Z7in 
If Z7 changes then Z8in = Z70ut 
If Z8 changes then Z7 out = Z8in 
5.2.3 The algorithm 
In an annealing process a melt is initially at high temperature and disordered. As 
cooling proceeds and the temperature T reduces, the system becomes more ordered 
and approaches a ground state (when T = 0) where order is at a maximum and energy 
is at a minimum. When annealing is simulated during the optimisation of the feed 
network, the current state of the thermodynamic system is analogous to the current 
feed solution, the energy equation for the thermodynamic system is analogous to the 
objective function, and ground state is analogous to the global minimum or optimum 
configuration. 
The algorithm has to perturb a randomly selected feed elements' value, the network 
must then be resolved and the resulting fitness evaluated. The magnitude of 
perturbation is proportional to a temperature variable which reduces as the 
optimisation run progresses. This is analogous to the loss in an atoms thermal 
mobility in a natural annealing process. If the new solution is fitter than the last it is 
accepted unconditionally. If it is worse, then there is a probability it may still be 
accepted. This process is repeated for a set number of iterations at each temperature as 
shown in the flow chart in Figure 5-2. 
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N 
END 
START 
Populate Network with 
random values 
Resolve Network 
IF Temperature> 0 
y 
Peterb Feed element 
Resolve Network 
Measure Fitness 
IF Network BETTER 
N 
y 
IF Network WORSE Y 
but allowed ~------.J 
N 
Figure 5-2: Flow chart of the SA algorithm. 
Cool (reduce T) 
Keep Values 
Keep Values 
Dump values 
N 
y 
IF finished 
Iterations at this 
Temperatrue 
The algorithm is run several times and the best solutions saved, as with a traditional 
iterative improvement algorithm, multiple runs from random starting position reduces 
further the possibility of the final solution being a local rather than global minima. 
5.2.3.1 Network Initialisation 
The model must first be initialised to some initial values that are valid. The SA 
algorithm is relatively insensitive to starting position [110], so random values are 
entered at unknown nodes, resolving after each entry until all feed elements are 
correctly defined. 
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5.2.3.2 Random perturbation 
Perturbation is applied at random to the characteristic impedance of any feed element 
in any direction. These perturbations reflect the current optimisation temperature, so 
the magnitude of perturbation reduces as an optimisation run progresses. 
5.2.3.3 Network resolution 
When a feed element is perturbed, this change in characteristic impedance must be 
translated to an appropriate change in load and source impedance. To maintain correct 
power splitting and impedance matching at each junction of the feed network, the 
source or load impedance of all feed sections that connect to that node must also be 
scaled accordingly. The resulting change in characteristic impedance of these feed 
sections must then be determined to ensure they remain within an acceptable range. 
This always ensures a correct network to full mathematical precision. 
5.2.3.4 Objective function 
The fitness of a candidate network is quantified using an objective function that 
generates a scalar fitness value. Modifying the fitness function is trivial for any 
particular application as it is logically separate from the rest of the algorithm, it may 
even be a weighted sum of multiple factors without any penalty in the rest of the 
optimisation system. 
5.2.3.5 Candidate acceptance 
Once the fitness of the candidate solution has been determined the algorithm has to 
decide whether to accept this new configuration. If the candidate solution is fitter than 
the current network it is accepted unconditionally. If the candidate solution is less fit 
than the current solution then its acceptance is determined using the Boltzman 
probability factor (as used in original metropolis algorithm). 
exp -(f:!.,.j/KBT) (5.4) 
where f:!.,.fis the change in fitness, Tis optimisation temperature and KB is Boltzman's 
constant. 
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5.2.3.6 Cooling 
The magnitude of random perturbation and the probability of accepting worse 
solutions are both functions of optimisation temperature T. Therefore, the behavior of 
the algorithm changes dramatically as an optimisation run progresses and the 
temperature decreases. When the temperature is high, the magnitude of feed section 
perturbation is large and the possibility of accepting worse solutions is high. 
Therefore, in the early stages of an optimisation run the algorithm jumps wildly 
around the solution space finding areas of possible interest. As the temperature lowers 
the algorithm focuses in a specific area successively approximating an optimum 
solution until T reaches zero. 
The annealing or cooling schedule defines the starting temperature, how this 
temperature is lowered as the optimisation run progresses and how many iterations the 
algorithm remains at each temperature. Traditionally the rate of cooling was chosen to 
be similar to a physical cooling system, where the temperature is reduced 
exponentially in annealing time. This is the Metropolis cooling schedule [108] and 
entirely arbitrary. Quicker cooling schedules may be chosen, though they may not be 
guaranteed to find the global minimum as the original does [115]. This adaptation of 
SA is known as simulated quenching [116], the effect of the modified algorithm is to 
trade off coverage of the solution space for speed of convergence. 
Popular alternative cooling schedules include the linear cooling schedule where 
Tnew = Told - .1 T (5.5) 
and the proportional cooling schedule where 
Tnew = C x Told where C < 1. 0 (5.6) 
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5.2.4 Implementation 
The algorithm has been implemented using c++ running on a standard PC. 
( START ) 
END 
/ 
Input Optimisation 
Paramiters 
Populate Network with 
random values 
Resolve Network to Create 
CURRENT 
T = 100 
REPEAT Until T = 0 
Iteration counter = 70 
REPEAT Until 
Iteration counter = 0 
Move RND feed in 
RND direction by T 
Resolve to create 
CANDIDATE 
Measure Fitness 
CURRENT = CANDIDATE 
IF BEST yet update 
CURRENT = CANDIDATE I 
Decrement 
Iteration counter 
T = T-1 
Figure 5-3: Design structure diagram of SA optimisation program. 
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The structure of the program is illustrated by the design structure diagram shown in 
Figure 5-3. 
The input impedance to the feed network and the input impedance of the radiating 
elements are entered into the program. The choice of objective function and allowable 
range of feed impedances are also defmed. The network is populated with random 
values until it can be successfully resolved generating a current network. 
The algorithm is composed of a pair of nested loops. The outer loop controls the 
reduction in temperature (which is proportional to the reduction in the magnitude of 
random perturbation and probability of accepting a less fit network). A starting 
temperature of 100 was selected, initially this value is too high to produce good 
networks but un-resolvable solutions are successively discarded until the temperature 
reduces to a point at which good networks are generated. Two cooling gradients are 
implemented by decrementing the temperature variable T by 1 each cycle until the 
temperature is less than 10 from which point the temperature is only reduced by 0.1. 
This second cooling gradient increases the accuracy of the final solution as all feed 
sections are in relative proportion and the majority of random perturbations result in 
networks that can be successfully resolved. 
The inner loop runs the optimisation iterations at each temperature. A randomly 
selected feed element within the current network is perturbed in a random direction by 
T. The network is resolved creating a candidate network. The fitness of the candidate 
is assessed using the pre-defined objective function. The simplest objective function 
uses a target impedance method. The difference between each feed sections 
characteristic impedance and the target is summed to produce a single fitness value. 
Various alternative approaches were also investigated including maximizing the 
minimum impedance, maximizing the average impedance, and a local smoothness 
function to avoid large physical step discontinuities between connecting impedance 
elements. If the candidate is fitter than the current, the candidate network becomes the 
current network for the next iteration. If the candidate is less fit, the probability of 
accepting it as the current network is computed. If the result from equation (5.6) is 
greater than a random number between 0.0 and 1.0, the candidate solution is accepted 
and becomes the current solution for the next iteration. Conversely, if the probability 
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is less than the random number, the candidate solution is rejected, the current solution 
remains unchanged and is used in the next iteration. As a consequence the algorithm 
can go uphill as well as downhill; but the larger the error or the lower the temperature 
the less likely any significant uphill excursion becomes. 
The iteration count was set to 400 to allow the probability of each feed element being 
perturbed approximately fifty times at each temperature. Once all iterations at a given 
temperature have been performed, the flow of the program drops back to the outer 
loop and T is reduced. 
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5.2.5 Solutions 
The following section presents solutions for traditional and optimised dual feed 
radiating elements and for an alternative impedance range (defmed by manufacturing 
constraints); these solution sets were generated using a target impedance objective 
function. These solutions are followed by solutions generated using three alternative 
objective functions. Only the characteristic impedance for each feed section is 
presented here. A more comprehensive set of results, including the input and output 
impedance of each feed line section, can be found in Appendix D. 
The first set of solutions, seen in Table 5-1, are for feed networks where radiating 
elements with an input impedance of 330 and 500 are used. These figures represent 
the input impedance to a traditionally designed dual feed radiating element and the 
complex matched radiating element respectively. In all solutions the input impedance 
at the arrays feed point was set to 500. 
The range of allowable impedance values is defined by the resulting track thickness of 
the microstrip lines that will make up the feed network. Low impedance values are 
undesirable as they result in thick tracks, the minimum impedance was therefore 
constrained to 700. The maximum impedance is set to 1370 as this is approaching 
maximum impedance that can be consistently fabricated. 
As a feed sections characteristic impedance decreases in size, the resulting track width 
thickens increasing coupling between other feed lines and the radiating patches. To 
maintain thin tracks, the target impedance was set to the maximum impedance value of 
1370. 
ZL 10 Z1/0 Z2/0 Z3/0 Z4/0 Z5/0 Z6/0 Z7/0 Z8/0 
33 50.00 81.24 80.53 98.13 99.75 67.09 136.90 67.34 
50 50.00 100.00 87.44 131.16 108.36 82.62 136.95 82.88 
Table 5-1: Feed impedance values for radiating elements with an input impedance of 
33 and 500. 
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Table 5-2 presents solutions where the maximum characteristic impedance in the 
allowable impedance range is set to 1370. and 1450.. 1450. is widely regarded as the 
absolute maximum impedance that can reasonably be realised as a microstrip line (on 
the proposed low loss substrate). Any higher the reSUlting track width becomes too 
thin to reliably fabricate using traditional PCB techniques. Again the target impedance 
is set to the maximum impedance; the input impedance of the radiating elements is set 
to 500.. 
Zmax I 0. Z1/0 Z2/0 Z3/0 Z4/0 Z5/n Z6/0 Z7/0 Z8/0 
137 50.00 100.00 87.44 131.16 108.36 82.62 136.95 82.88 
145 50.00 100.00 87.48 131.23 111.60 85.04 144.95 85.22 
Table 5-2: Feed impedance values with the maximum impedance constrained to 1370. 
and 1450.. 
In Table 5-1 and Table 5-2 a target impedance was used as an objective function. 
Solutions generated using three alternative objective functions are presented in Table 
5-3. For these solutions 500. radiating elements are used. The target impedances in 
these examples are defined by the algorithm itself. The 'total error' minimises the total 
error of all impedances from a target value. The 'maximum error' minimises the 
largest error between anyone feed impedance and the target value. 'local smoothness' 
minimises the relative difference between the resulting feed impedances. 
Fitness Function Z2/0 Z3/0 Z4/0 Z5/0 Z6/n Z7 In Z8/0 
Total Error 100.00 50.75 76.12 50.11 57.87 58.91 50.90 
Max Error 100.00 50.00 75.66 52.07 68.82 74.79 54.34 
L Smoothness 100.00 50.00 75.00 50.11 66.82 66.87 50.04 
Table 5-3: Feed impedance values using three alternative fitness functions. 
In all solution sets ZI is constrained to 500. (the input impedance to the array). Z2 has 
to match this source impedance to the first patch while maintaining appropriate power 
splitting at the first feed junction (node a). As a consequence, the value of Z2 is a 
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function of the array and patch input impedance only. Therefore when a radiating 
element with an input impedance of 500 is used Z2 it is always constrained to 1000. 
When a radiating element with an input of impedance of 330 is used Z2 is always 
constrained to 810 as demonstrated in Table 5-1. 
From Table 5-1 it can be seen that the use of a radiating element with a higher input 
impedance leads to higher impedances within the feed network. In both sets of 
solutions Z7 has been pushed to the maximum impedance. This was found to be the 
case when manually generating solutions as this impedance is pushed up by 
impedances Z6 and Z8 (the lowest). This is confIrmed in Table 5-2 where Z7 is 
pushed up from 1370 to the maximum impedance value 1450 allowing Z6 and Z8 to 
lift to just over 850. 
The algorithm enabled the evaluation of a number of different fitness functions. Table 
5-3 presents the results of three alternatives. Due to the relatively low characteristic 
impedance of the resulting feed line sections, these solutions are less well suited to 
microstrip line realisation as the resulting tracks would be too thick. 
The optimum choice of feed solutions for use in the RSU is considered to be where 
500 radiating elements are used with a maximum feed impedance of 1370. These 
solutions are detailed in the second row of Table 5-1 and the first row of Table 5-2. 
This solution set is well suited to microstrip realisation as the impedances are 
relatively high leading to a narrow track width. The maximum impedance of 1370 
provides a relatively thin feed line while maintaining a small amount of headroom 
below the absolute maximum impedance of 1450. This helps to reduce coupling 
within the feed network while relaxing manufacturing tolerances. 
5.2.6 Discussion 
At the beginning of an optimisation run the temperature is high and the algorithms 
behavior is quite erratic. Large changes are made to the network as the amount of 
perturbation is large. The chance of a worse solution ending up better in the long run 
is far greater hence Boltzman's probability is maintained. More iterations are required 
when the temperature is high as the probability of finding valid (realisable) candidate 
network is small. However when improvement is seen it is usually buy quite a lot. The 
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relatively steep cooling gradient results in a reduction in run time. Although the 
resulting solution sets lack precision, a lack of precision at this stage in the 
optimisation run is not a problem as the feed sections are still finding relative 
proportion. 
Later, to increase the precision of the final result, the temperature is lowered more 
slowly. The success rate of network perturbation is far greater with far more candidate 
networks being successfully resolved and demonstrating a small improvement in 
fitness. At this stage, the chance of a worse solution being a step in the right direction 
is far less so equation (5.6) ensures the probability of accepting worse solutions is 
low. Although less iterations are required to generate a good sample of valid 
candidate solutions, as T reduces progress slows hence the same iteration count is 
maintained thought the optimisation run. 
The dual gradient cooling schedule proved much quicker than the slower Metropolis 
system but was less thorough as a result. Running the algorithm over many iterations 
maintaining a global 'BEST' helped coverage. However, a lack of ergodicity is not 
necessarily a bad thing, particularly as solutions that are missed will be poor solutions 
due to their implicit sensitivity in at least one dimension. This sensitivity translates 
directly to manufacturing tolerances, which need to be quite insensitive to small 
variations in the element values. Thus it is argued that an accelerated cooling schedule 
can be used to get high quality results. 
5.3 Alternative dual feed radiating element 
Two types of dual feed radiating element were presented in Chapter 3, a traditional 
design that used quarter wave transformers to match the radiating patch to the dual 
feed network and an optimised design that used complex matching. The complex 
matched antenna allowed an increase in input impedance and the removal of step 
discontinuities within the feed network. The performance of a 2x2 array containing 
these optimised dual feed radiating elements was presented in the previous chapter. In 
the following section the performance of the 4 element 2x2 array is explored using 
traditional dual feed radiating elements. 
5.3.1 Array performance 
It was shown in Chapter 3 that the traditional dual feed design is not constrained to a 
specific overall length. The length of this feed section has a direct effect upon the 
relationship between internal reflections within the arrays feed network. Using the 
extended transmission line model presented in chapter 4 it is possible to alter this 
length and assess the resulting change in array VSWR and axial ratio bandwidth. The 
length of each dual feed line is changed from 0 to 1 wavelength. A quarter wave 
length of matched feed line is always added to one of the feeds to provide the 90 
degree phase delay required for circular polarisation. 
5.3.1.1 Input impedance 
The variation ofVSWR as a function of frequency and dual feed line length is 
illustrated in Figure 5-4. The total length of dual feed for the shortest length is 0.25A 
increasing to a maximum length of 2.25A. 
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5.4 
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5.8 
5.6 
Frequency (GHz) 
Figure 5-4: Variation in VSWR frequency performance with dual feed line length (Er 
= 2.33 , h = 0.79 mm). 
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A plot ofVSWR 2: 1 and 1.5 : 1 bandwidths against feed line length quantifies this 
effect and is shown in Figure 5-5 . It can be seen that the arrays VSWR 2: 1 bandwidth 
varies from 6.50/0 to almost 120/0. Array VSWR 1.5: 1 bandwidth varies from just 
below 50/0 to just above 8%. 
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Figure 5-5: Array VSWR bandwidth variation with dual feed line length. 
The variation of VS WR as a function of frequency for feed lengths labelled A, B and 
C in Figure 5-5 can be seen in Figure 5-6. 
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Figure 5-6: VSWR as a function of frequency for feed line lengths A, B and C. 
Although lengths A and C demonstrate wider VSWR 2: 1 bandwidths than length B, 
they are not symmetrical around design frequency and are a lot more sensitive due to 
the large amount of ripple in the pass-band. Although length B has a narrower VSWR 
2: 1 bandwidth, the performance is far more robust. As expected, due to the pass-band 
ripple, the VSWR 1.5:1 bandwidth for examples A and C are far narrower than that of 
example B. Similar frequency performance to length B is seen at lengths D and F. 
The three lengths that maximise VSWR l.5 :1 bandwidth (labeled B, D and Fin 
Figure 5-5) represent total feed lengths of l A, 1.5A and 2A respectively. These are 
considered in more detail in Figure 5-7. 
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Figure 5-7: VSWR as a function of frequency for feed lengths B, D, F and E. 
Minimum VS WR 1.5_1 bandwidths are seen at 0.75 A, 1.25 A and 1.75 A. The 1.75 A 
length, labelled E in Figure 5-5 , can also be seen in Figure 5-7. 
Length B, where the total length of dual feed line is one wavelength, has the widest 
1.5: 1 bandwidth although lengths D and F have similar performance and may be 
preferable lengths depending upon desired patch spacing and real estate resource 
within a specific array geometry. Length E has the narrowest VSWR 1.5 : 1 bandwidth 
but has no ripple in the pass band. Length E may therefore be more desirable if a 
narrower bandwidth is permissible and lower VSWR is required throughout the pass-
band. 
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5.3.1.2 Axial ratio 
The variation of array boresight axial ratio, as a function of frequency and feed line 
length, can be seen in Figure 5-8. 
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Figure 5-8: Variation in Axial Ratio frequency perfonnance with dual feed line length 
(Er = 2.33 , h = 0.79 mm). 
It can be seen that, as with input impedance, array axial ratio perfonnance changes 
drastically with dual feed line length. This change in bandwidth is quantified in Figure 
III 
5-9 where the arrays 3 dB and 4.5 dB bandwidths can be seen. The arrays 4.5 dB 
bandwidth, like the VSWR l.5 :1 bandwidth, varies from just under 5% to almost 8%. 
Indeed it is noted that this response is almost identical. The 3 dB bandwidth, like the 
VSWR 2: 1 bandwidth, is slightly misleading in that the peaks correspond to sensitive 
results that are not symmetrical around design frequency. 
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Figure 5-9 : Array axial ratio bandwidth variation with dual feed line length. 
Axial ratio performance of dual feed lengths Band E as a function of frequency are 
shown in more detail in Figure 5-10. 
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As with VSWR, length B has the widest 4.5 dB axial ratio bandwidth of just over 8% 
but has a similar amount of ripple in its pass band as seen with the 1.5: 1 VSWR 
performance of length B. Therefore, as with VSWR, if an application demands higher 
axial ratio performance and can tolerate a reduction in bandwidth then length E is 
likely to be optimal. It is also noted that the 3 dB axial ratio bandwidth of E is almost 
as wide as the 3 dB axial ratio bandwidth demonstrated by the corporate fed three 
element array presented in Chapter 4. 
A relative comparison between VSWR and Axial Ratio bandwidth is made in Figure 
5-11. 
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Figure 5-11: VSWR and axial ratio bandwidths as a function of ~ual feed line length. 
From Figure 5-11 it can be seen that the VSWR 1.5: 1 bandwidth "matches" the 4.5 
dB axial ratio bandwidth regardless of line length. This relationship is due to the 
relatively narrow band radiating elements, the same relationship being seen by Hall 
[67] in these arrays where radiating patches with a similar Q were used. 
For widest bandwidth but most ripple in the pass band then example B would be the 
most desirable choice, almost doubling the VSWR 1.5:1 and 4.5 dB axial ratio 
bandwidths. For highest performance but narrowest bandwidth example E may be 
more appropriate however the reduction in bandwidth is substantial for a nominal 
increase in performance. 
It is also interesting to note that the resistively matched dual feed radiating element 
with feed length B and the complex matched dual feed radiating element optimised in 
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Chapter 3, both have a total feed length of one wavelength. Although the axial ratio 
bandwidths are comparable, the optimised dual feed radiating element from Chapter 3 
demonstrates a wider VSWR 2: 1 bandwidth. 
Ultimately, the optimum dual feed line length will depend on the bandwidth 
requirement of a specific application. Allowable feed line lengths are also dependant 
upon patch spacing within the array, array feed geometry and the resulting real estate 
availability. 
5.4 Practical realisation 
5.4.1 Array layout design 
2x2 arrays containing traditional and optimised dual feed radiating elements can be 
seen in Figure 5-12. In both cases the radiating elements are spaced at 0.74"- as it has 
been shown that this patch spacing helps minimise mutual coupling without 
substantial degradation of the radiation pattern by side lobes when dual feed radiating 
elements are used [9]. 
(a) (b) 
ZL Z4 
ZL 
Z3 
_900 Z5 
0 
_1800 Z6 Z2 0 
_2700 Z7 
ZL 
Z8 ZL 
(c) 
Figure 5-12: 2x2 sequentially rotated array with (a) Traditional dual feed radiating 
elements (b) Optimised dual radiating elements (c) Feed impedance definition. 
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Considering the thickness of the 660 feed line and this patch spacing, there is little 
flexibility in the length of the traditional dual feed line. Figure 5-12 (a) shows a 2x2 
array composed from traditional dual feed radiating elements with a total dual feed 
length of 0.376 A (0.063 + 0.063 + 0.25). This is length is labelled G in Figure 5-11. 
The traditional dual feed radiating element has an input impedance value of 33n as 
defined in Chapter 3. The series feed impedance values for this array are as defined in 
Figure 5-12 (c) and can be found in the first row of Table 5-1. The resulting track 
widths within the series feed network are noticeably wider than within the network 
feeding the optimised radiating elements with a higher input impedance of 50n as 
seen in Figure 5-12 (b). Furthermore, the quarter wave transformers used to match the 
radiating patch to the traditional dual feed network result in undesirably thin tracks. 
5.4.2 Fabrication 
Both antennas were fabricated using 0.79 mm 1/20z RT 5870 Duroid (Er of2.33) 
using traditional printed circuit board techniques. Both arrays are probe fed from 
behind the ground plane using an SMA connector. 
5.5 Practical results 
5.5.1 Traditional dual feed elements 
The frequency performance of the array containing traditional dual feed radiating 
elements has been confirmed by experimental measurement. Both input impedance 
and boresight axial ratio performance have been measured over a frequency range of 
5.2 - 6.4GHz. Measurement of input impedance, made using an Anritsu 37347C 
vector network analyser, confirm a VSWR 2: 1 bandwidth of 7% from 5.55 to 
5.96GHz as seen in Figure 5-13. This compares very well with the models prediction 
(example G, Figure 5-11). 
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Figure 5-13: VSWR performance of 2x2 array containing traditional dual feed 
radiating elements. 
Measurement of bore sight axial ratio (as described in Appendix C) confirm a 3 dB 
axial ratio bandwidth of 4.2% from 5.65 to 5.895GHz as seen in Figure 5-1 4. It i 
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noted that this bandwidth is asymmetrical around design frequency. Again this 
compares very favorably with the models prediction. 
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Figure 5-14: Boresight axial ratio performance of 2x2 array containing traditional dual 
feed radiating elements. 
5.5.2 GA optimised dual feed radiating elements 
5.5.2.1 Frequency performance 
The frequency performance, as first presented in the previous chapter, of the 2x2 array 
containing optimised dual feed radiating elements (as seen in Figure 5 -12 (b)), has 
been further confirmed using full wave simulation [117] as seen in Figure 5-15. 
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Figure 5-15: Performance of 2x2 array containing optimised dual feed radiating 
elements. 
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The array containing optimised radiating elements demonstrates a much wider VSWR 
2:1 bandwidth of 10.4%. This array also demonstrates a slightly narrower but far more 
symmetrical 3 dB axial ratio bandwidth. 
5.5.2.2 Radiation pattern 
The radiation pattern of the 2x2 array containing optimised dual feed radiating 
elements, as seen in Figure 5-16, was determined within an anechoic chamber using 
the method and equipment described in Appendix C. The gain of the main lobe was 
measured at 12.4 dBi with a 3 dB beam width of 45°. There is 11 dB difference 
between the main beam and side lobes seen at +/- 60° with nulls at 39° from boresight. 
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Figure 5-16: Radiation pattern of2x2 at 5.8 GHz (gain in dBi against f) where ¢ = 0). 
5.6 Conclusion 
An algorithm based on an adaptation of SA has successfully been used to generate 
and optimise the series feed sections within the four element array presented in 
Chapter 4 for which no closed form expression exists. The accuracy of the result is 
high with low resources and computer run time. An accelerated cooling schedule 
reduces run time while avoiding sensitive solutions. This proves beneficial in this 
application as these map directly to tight manufacturing tolerances. 
When traditional dual feed radiating elements are used in a four element array, the 
total dual feed line length has a significant effect upon array performance, doubling 
VSWR 2: 1 bandwidth. The increase in axial ratio is less significant due to the narrow 
band radiating elements. This further reinforces the theory that the effect of internal 
reflections can have a dramatic effect on array performance. However, allowable line 
lengths are ultimately constrained by desired patch spacing and real estate resource. 
The performance of the 2x2 antenna array has been confirmed by full wave simulation 
and experimental measurement. 
CHAPTER 6 
4X4 ARRAY FOR MOTORWAY APPLICATIONS 
6. 1 Introduction 
There is a requirement for the RSU to be mounted to an overhead gantry that spans 
across motorway carriageways. This mounting position ensures good relative 
alignment between the OBU (when centrally mounted behind the windscreen) and the 
overhead RSU. Indeed, this may be the only mounting position available in many 
multi lane environments. There is therefore the need for a light weight compact array 
that is mechanically robust, as access for maintenance is restricted. For motorway use, 
a higher gain is required to provide additional range and reduce the width of the 
communication zone to a single lane. For the latter, side lobe reduction is also 
desirable. 
In response to these requirements, there has been much recent interest in using 4x4 
patch antenna arrays for road tolling applications [118,119] but again these arrays use 
a corporate feeding system. This chapter presents a new compact 4x4 array using a 
series feed that has the necessary gain and side lobe control required by a motorway 
tolling application. 
In has already been shown in chapter 4 that a sequential rotated microstrip array with 
a series feed, can have a wider frequency bandwidth than the same array using a 
corporate feed; particularly when used in a 2x2 arrangement due to the favourable 
relationship between internal reflections within the series feed network. In this chapter 
the same series feeding technique is adopted within a sixteen element 4x4 array 
constructed by sequentially rotating four of the 2x2 sub-arrays optimised in Chapter 5. 
The layout is presented and its performance evaluated using an extension of the 
transmission line model presented in chapter 4, enabling comparison with the 
performance of the same array using a corporate feed. As a direct result of this 
research a letter has been published in lEE electronic letters [19]. Furthermore. this 
array has successfully been used within the RSU of a commercial traffic management 
system. 
Side lobe reduction is achieved by varying excitation power distribution across the 
array; results are presented for two modified arrays. Full wave simulation and 
experimental measurements assess the validity of this approach and confirm the 
integrity of this design. 
"24 
6.2 Array Design 
6.2.1 Array layout 
The basic sixteen element 4x4 array is composed of four sequentially rotated 2x2 sub-
arrays as seen in Figure 6-1. 
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Figure 6-1: Layout design 16 element 4x4 array composed from four 2x2 sub-arrays. 
For each 2x2 sub-array M= 4,p = 2 and ¢f= 90° as defined in chapter 4. M of these 
sub-arrays are themselves sequentially rotated by ¢ f to make the larger array which in 
turn adopts the same series feeding technique. The clustering of the sub-arrays helps 
reduce beam squint. Furthermore, as the sub-arrays are themselves sequentially 
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rotated to make the larger array, spurious radiation from each sub-arrays will tend to 
cancel in the far field. 
In the basic array, seen in Figure 6-1, the values of the series feed sections used to 
make up the main array feed are identical to the values of the feed sections within the 
sub-arrays as they share power splitting and excitation phase requirements. Impedance 
matching requirements are also identical as the input impedance at the feed point of 
the dual feed radiating elements and the input impedance at the feed point of the sub-
arrays are both 50n. 
The sub-arrays are connected to the central feed using a matched length of 50n 
microstrip feed line of length Iso. As this microstrip line is of relatively low 
characteristical impedance, the resulting PCB track is relatively wide making routing 
to the sub-arrays feed point problematic. Therefore, the impedance at the feed point of 
the sub-array is transformed to the periphery of the sub-array using a section of feed 
line a half wavelength long (ZH in Figure 6-1). From equation (3.12) it can be seen 
that if I = A 12 then Zin = Zout regardless of the microstrip lines characteristic 
impedance Zo, allowing a favorable characteristic impedance value for ZH to be 
chosen. The higher the value of ZH the higher the voltage midway along ZH will be, 
increasing interference with the surrounding feed lines. The wider this line the greater 
the coupling to surrounding feed lines as the physical distance between them 
decreases. In this array, 120n is considered to be a good compromise. 
6.2.2 Frequency performance of basic array 
Array frequency performance is determined by expanding the model used in Chapter 
4 to the 4x4 array seen in Figure 6-1. Both VSWR and axial ratio frequency 
performance were evaluated, allowing a comparison to the performance of the same 
array using a corporate feeding system. 
12 ~--------------------__________________________ __ 
10 
Frequency (Hz) 
Series feed, ...... ................... .. Corporate feed 
Figure 6-2: VSWR of 4x4 array using both feeding techniques (Er = 2.33, h = 0.79 
mm). 
Figure 6-2 shows array VSWR against frequency for a series and corporate fed 4x4 
array. It can be seen that the 4x4 array using a series feed has a VSWR 2: 1 bandwidth 
of 13.3% between 5.431 and 6.204 GHz, which is 6.3% wider than when a corporate 
feed is used in the same array (corporate feed bandwidth 7% between 5.6 - 6.0 GHz). 
The VSWR 1.5: 1 bandwidth of the series fed array shows further improvement over 
the VSWR 1.5:1 bandwidth of the corporate fed array. 
Figure 6-3 shows array boresight axial ratio against frequency for a series and 
corporate fed 4x4 array. 
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Figure 6-3: Axial ratio of 4x4 array using both feeding techniques (£r = 2.33 , h = 0.79 
mm). 
Figure 6-3 shows the 3 dB axial ratio of the series fed array is 10.3% (between 5.5 and 
6.1 GHz) which is more than twice as wide as the corporate fed array at 4.6% (5.66 -
5.93 GHz). 
Unlike the series fed 2x2 array, the series fed 4x4 array has a comparable VSWR 2: 1 
and 1.5:1 bandwidth as there is less ripple in the pass band. Furthermore, the VSWR 
2: 1 and 3 dB axial ratio bandwidths are more comparable with each other in the 4x4 
array. 
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6.3 Side lobe reduction. 
At bore sight, the electric fields from the radiating elements add in phase, as the 
distance between each radiating element and the measuring reference point in the far 
field is approximately equal. A way from boresight the fields encounter a small phase 
delay as the path length is no longer equal (see Figure 6-5). When the path length 
difference is in the region of half a wavelength the fields destructively interfere 
creating nulls in the radiation pattern. At wider angles the fields begin to add 
constructively once again, resulting in side lobes. 
Reduction in side lobe levels can be achieved by altering either the excitation phase 
[92,93, 120] or the excitation amplitude [26] of the individual radiating elements that 
make up that array. In this microstrip array, altering the phase of excitation would 
require a change in feed line length which is not suited to this feed geometry. Despite 
the compact nature of the series feed network, there is limited real estate to further 
extend any of the feed sections. Furthermore, all of the series feed sections being a 
quarter wave in length aids impedance matching. Altering the distribution of power 
across the array was therefore the chosen method of side lobe reduction. 
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6.3.1 Radiation pattern calculation 
The relative size of the side lobes and the angle with respect to the main beam at 
which they occur can be calculated as follows. 
/ / 11 ,~ / / 
/ / j ~ / / L , 
/ / / / / / 
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/ /~' Z d L 
I 
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.. • c 
Figure 6-4: Array geometry with rows r , columns c and patch spacingd . 
/ 
A 4x4 array of patch antennas can be seen in Figure 6-4. Each column of patches has 
a column number c and each row has a row number r. Each patch is spaced at d, fed 
with phase (Pr,c and with power Pr,c . 
The total field as a function of 8 is found by summing the contribution from each 
patches X and Y components and finding the resultant. A cos relationship is assumed 
for the radiation pattern of a single patch as it can be considered as two radiating slots 
with approximately half a wavelength separation, therefore. 
(6.1) 
Each component of the resulting field from each patch with feed power ~,c and feed 
phase (Pr,c can be determined using (6.2). The value used for feed phase is the relative 
difference in excitation phase once the physical rotation has been subtracted from the 
actual excitation phase (hence always zero in this array). 
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Ex = ~~,c Xcos(¢r,c + ox) and Ey = ~Pr,c xsin(¢r,c + ox) (6.2) 
where path delay ox = cd sin B with patch a spacing of d and column number c (for 
¢ = 0, ox = rd sinB when ¢ = 90) as shown in Figure 6-5. 
d 
Figure 6-5 : Path delay. 
6.3.2 Array power distribution 
Three arrays with alternative power distribution can be seen in Figure 6-6. In Array A, 
power is equally distributed across the array. In Array B 64% of total array power is 
distributed to the center of the array. Therefore, 16% of total array power is fed to 
each of the four center patches and 3% of array power is fed to the outer patches. In 
Array C, almost 80% of total array power is fed to the center patches. 
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(a) (b) (c) 
Figure 6-6: Power distribution to each radiating element in percent of total 4x4 array 
power (a) Array A (b) Array B (c) Array C. 
The resulting radiation pattern for these arrays can be determined using equation (6.1 ) 
and can be seen in Figure 6-7. 
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Figure 6-7: Resulting radiation pattern for the three arrays. 
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From Figure 6-7 it can be seen that as more power is diverted to the center of the 
array, the magnitude of the side lobes reduces while the main beam becomes slightly 
broader. This effect is quantified in Table 6-1. 
1 st side 1 st side 2nd side 2nd side 
Array 10 dB gain lobe lobe lobe lobe 
angle relative relative relative relative 
gam angle gam angle 
A +/- 15 -12.5 +/- 30 -18 +/- 59 
B +/- 17.5 -20.5 +/- 33 -24.5 +/- 57 
C +/- 19 -28 +/- 35 -31.5 +/- 56 
Table 6-1: Radiation pattern summary. 
6.3.3 Implementation 
Diverting more power to the center patches of the 4x4 array is achieved by altering 
the percentage of power that is fed to the first patch within each of the 2x2 sub-arrays 
that make up the 4x4 array. This is achieved by modifying the power division at the 
first junction of the sub-arrays feed network (node a in figure 4-6). 
The modified feed values for the 2x2 sub-arrays were generated using the 
optimisation algorithm presented in Chapter 5. Additional inputs were added to the 
program allowing user defined power splitting at each junction of the series feed. The 
required power distribution within the 2x2 sub-array is defined in Table 6-2. 
4x4 array power fed to : 2x2 array power fed to : 
Array Center Outside Remaining 
patches patches 
First patch patches 
A 6.25% 6.25% 25% 25% 
B 16% 3% 64% 12% 
C 19.6% 1.8% 78% 7.2% 
Table 6-2: Required power distribution within the 2x2 sub-array. 
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The minimum feed impedance was again constrained to 700 to reduce coupling and 
spurious radiation. Solutions were found with a maximum impedance of 1400, a 
target impedance of 128n and a patch input impedance of soo. 
The following values for the sub-array series feed sections were generated and can be 
found in Table 6-3. The feed impedances are as defmed in Figure S-12 (c). The length 
of all feed line sections remain a quarter wave in length. 
Sub-Array Zl Z2 Z3 Z4 Zs Z6 Z7 Zg 
B 64 80 128 103 83 80 128 80 
C 64.6 73 140 87.2 76.3 87.S 140 80 
Table 6-3: 2x2 sub-array series feed impedance values. 
From Table 3 it can be seen that, due to the modified power division at node a, the 
value of Z3 is lifted to the maximum impedance value hence Zl can no longer remain 
at son. Zl is positioned between the extremities of the main son matched feed line 
(Zso) and the half wavelength feed section (ZH). 
As the value of Zl ensures the input impedance to the sub-arrays is so n, the central 
series feed of the 4x4 array retains the original feed values produced in chapter S 
ensuring that, at design frequency, equal power is distributed to each of the 2x2 sub-
arrays. 
6.3.4 Frequency performance of array with reduced side lobes 
The frequency performance of the modified arrays can be evaluated using the 
extended model that was used to assess the performance of Array A (the basic 4x4 
array). 
The VSWR frequency performance of all three arrays can be seen in Figure 6-8. 
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Figure 6-8: VSWR frequency performance of Array A, Band C (£r = 2.33, h = 0.79 
mm). 
The VSWR 2: 1 bandwidth of Array B is 8% between 5.57 and 6.03GHz and of array 
Cis 6.8% between 5.61 and 6.01 GHz as seen in Figure 6-8. 
The boresight axial ratio, as a function of frequency, for all three arrays can be seen in 
Figure 6-9. 
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Figure 6-9: Axial Ratio frequency performance of array A, B and C (£r = 2.33 , h = 
0.79 nun). 
The 3 dB axial ratio of array B is 8.1 % between 5.56 and 6.03 GHz and of array C is 
5% between 5.66 and 5.95 GHz. 
It can be seen that Arrays Band C demonstrate a large reduction in both VSWR and 
axial ratio bandwidth when compared to the basic Array A. This reduction in 
performance is due to a less favorable relationship between the internal reflections 
within the modified sub arrays. 
In the basic 2x2 sub-array, where equal power is fed to each element, reflections from 
mismatched radiating elements were equivalent in magnitude; as each radiating 
element is separated by a quarter wave length line, these reflections tend to cancel out 
In the modified 2x2 sub-array, more power is fed to the first patch and less power is 
fed to the remaining three patches. As a consequence, the magnitudes of the 
reflections are longer equivalent reducing the efficiency of this cancellation 
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mechanism. The bandwidth of Arrays B and C is comparable to the corporate fed 4x4 
array, as the corporate feed does not benefit from the series feeds unique cancellation 
properties (when used in a four element array). 
6.4 Practical realisation 
The three 4x4 antenna arrays were fabricated using 0.79 mm 1I20z RT 5870 (Er = 
2.33) and traditional PCB techniques. All arrays are probe fed from behind the ground 
plane using an SMA connector. 
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6.5 Practical results 
The integrity of the designs were confinned using both full wave simulation [1 17] and 
experimental measurement. 
6.5.1 Frequency performance 
Both input impedance and boresight axial ratio perfonnance of the basic Array A with 
equal power distribution (as seen in Figure 6-1) have been confinned over a frequency 
range of 5.2GHz - 6.4GHz. Practical measurements were made of input impedance 
were made using an Anritsu 3734 7C vector network analyser. Boresight axial ratio 
was detennined across this frequency range within an anechoic chamber using the 
method and apparatus as described in Appendix C. 
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A VSWR 2: 1 bandwidth of 14.7% was measured between 5.38 GHz and 6.23 GHz as 
shown in Figure 6-11 . 
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Figure 6-11: Boresight axial ratio of Array A. 
A 3 dB axial ratio bandwidth of 12.4% was measured between 5.44 GHz and 6.16 
GHz as seen in Figure 6-11 . 
Measured results of both VSWR and Axial ratio bandwidth are in good agreement 
with that predicted by the analysis and full wave simulation. 
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6.5.2 Radiation pattern 
The radiation pattern of Array A, Array B and Array C were detennined within an 
anechoic chamber using the methods and equipment described in Appendix C. 
The nonnalised radiation pattern of Array A can be seen in Figure 6-12. The gain of 
the main lobe was measured at 18 dBi with a 10 dB beamwidth of 30°. The peak of 
the first side lobe occurred 29° from the main lobe. Isolation between the main lobe 
and the first side lobe was measured at 14.5 dB. This is in close agreement with the 
performance predicted in Table 6-1. 
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Figure 6-12: Measured and simulated radiation pattern of Array A (¢ = 0). 
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Figure 6-13: Measured and simulated radiation pattern of Array B ( ¢ = 0). 
The radiation pattern of Array B can be seen in Figure 6-13 . The gain of the main lobe 
was measured at 16.9 dBi. The 10 dB beamwidth of the main lobe was measured at 
35°. There is a minimum of21 dB isolation between the main lobe and the side lobes, 
this is sufficient isolation to satisfy the requirements of the DSRC traffic management 
system seen in Table 1-1. These results are in close agreement with Table 6-1 
although the relative positioning of the side lobes differs. 
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Figure 6-14: Measured and simulated radiation pattern of Array C ( ¢ = 0). 
The radiation pattern of Array C can be seen in Figure 6-14. The gain of the main lobe 
was measured at 16.25 dBi . The 10 dB beamwidth of the main lobe was measured at 
38°. There is a minimum of23 dB isolation between the main lobe and the side lobes. 
In all arrays, the analysis of Section 6.3.1 predicts the behaviour of the main lobe with 
a high degree of accuracy, this is not the case predictions of the side lobe behaviour in 
the arrays with unequal power distribution is not as accurately expressed. Although in 
Array C increased isolation between the main beam and the side lobes is 
demonstrated, it is not as great as that predicted in Table 6-1. This is possibly due to 
small errors in the array ' s power distribution which becomes far more apparent when 
only a small amount of power is fed to the outer patches and as theta increases. The 
lack of symmetry is due to the contribution of spurious radiation from the 
asymmetrical central feed network to the radiation pattern. 
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In all three examples, good agreement is seen between the full wave simulation and 
experimental measurement confirming the integrity of the anechoic chamber. 
6.6 Conclusion 
A 5.8GHz circular polarized 4x4 antenna array composed of sequentially rotated 2x2 
sub-arrays with a series feed network has been realised. The use of an out-of-line 
series feed allows a more compact structure with enhanced frequency bandwidth over 
a corporate feed when used in this array. A further advantage of sequentially rotating 
the sub-arrays is that any spurious feed radiation will tend to cancel in the far field. 
In the basic Array A, the measured VSWR and Axial ratio frequency bandwidth were 
almost twice that of the same array using a corporate feed as described in [67]. This 
improvement in performance was due to a more favorable relationship between 
internal reflections within the series feed network. Unlike the 2x2 sub-array the 
VSWR 2:1 and the VSWR 1.5:1 bandwidth are more comparable as there is less 
ripple in the pass band. Furthermore, the 3 dB axial ratio bandwidth is more 
comparable to the VSWR 2: 1 bandwidth. 
Side lobe reduction has been successfully achieved demonstrating 20 dB isolation 
between the main lobe and the side lobes. Although the gain of the main lobe has been 
reduced, it has also broadened hence offbore sight the gain is greater. The broadening 
effect is advantageous as, due to the difference in windscreen rakes, the OBU and 
RSU will not always be in optimal alignment. The arrays with reduced side lobes did 
not benefit from frequency bandwidth enhancement to the same extent as that shown 
by the basic Array A. 
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CHAPTER 7 
INCREASING THE BANDWIDTH OF THE 2X2 ARRAY 
7. 1 Introduction 
The OBU of the DSRC traffic management system needs to have a low profile, use 
inexpensive materials, be cheap to manufacture and be mechanically robust. A 
compact structure is preferred as the intended mounting position for the OBU is 
behind the windscreen of the vehicle and it is important not to obscure the drivers 
view. Further, to ensure that the OBU can be placed in any orientation, circular 
polarisation is required. 
The antenna within the OBU also has to have robust frequency performance for the 
following reasons. Firstly, due to the OBU's close proximity with various types of 
windscreen there is a varied detuning effect. Secondly, the OBU's single antenna is 
not part of an array, therefore does not benefit from the bandwidth enhancement 
offered by sequential rotation as seen in the RSU arrays. The bandwidth of the single 
antenna can be increased using aperture coupling where the radiating patch and feed 
network are implemented on separate substrates, allowing a patch with a lower Q. 
In this chapter a wide band single feed aperture coupled patch antenna suitable for use 
within the OBU is developed. This work required the development of a cavity model 
of a cross aperture coupled antenna. Such a model can provide not only a good 
physical understanding of the complex operation of the antenna but also allow the use 
of a computer aided design approach to readily examine the trade off between the 
different design parameters. This work has contributed to a paper published in the lEE 
transactions on antennas and propagation [20]. 
The antenna is then used as a broad band radiating element in the series fed four 
element array presented in Chapter 4. As a direct result of this research a letter has 
been published in Microwave and Optic Technology letters titled "Increasing the 
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bandwidth of a 2x2 sequentially rotated patch array" [21]. Both full wave simulation 
and experimental measurement confirm the integrity of this design. 
7.2 Aperture coupled patch antennas 
Microstrip feed lines are the most common choice of feed method however the use of 
striplines have also been demonstrated [121]; the microstrip feed line is etched onto 
the bottom of the feed substrate. The radiating patch is etched onto the top of the 
antenna substrate. The thickness and dielectric constants of these two substrates can 
therefore be chosen independently to optimise the distinct electrical functions of 
radiation and circuitry hence cater for the conflicting requirements. As a result, a wide 
band patch is possible without incurring additional feed losses. The aperture is etched 
into the separating ground plane which minimises the contribution of spurious feed 
radiation to the main radiation pattern. Although a rectangular slot is the most 
common shape of aperture, several other shapes have been published such as the 'dog 
bone' [122] and the 'bow tie' or 'butterfly' [123]. These can allow greater coupling 
from a smaller aperture resulting in less back radiation and ease of positioning in dual 
or circular polarised configurations where two orthogonal coupling apertures are 
required. 
While single layer direct fed patch antennas are limited to an input impedance 
bandwidth of between 2% - 5%, aperture coupled elements have been demonstrated 
with bandwidths of 10 - 150/0 [124,125,126], and up to 30-50% with stacked patch 
configurations [127,128]. 
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7.3 Circularly polarised aperture coupled patch antennas 
The first dual feed circular polarised aperture coupled patch antenna was presented by 
Adrian and Schaubert [129], two orthogonal non-overlapping slots were used to feed a 
square patch. Dual linear polarisation was achieved with 18 dB isolation and circular 
polarisation obtained using a 90 hybrid as an external polariser. This configuration 
can be seen in Figure 7-1 (a). 
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Figure 7-1: Dual feed circularly polarised patch antenna. 
A drawback to this structure was that the coupling level was constrained by the slot 
size due to their asymmetry, this also limited isolation and polarisation purity. An 
alternative method can be seen in Figure 7 -1 (b) in which a cross slot to feed the patch 
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achieving 27 dB isolation and good bandwidth [130]. However the balanced feed lines 
required an air gap to bridge one of the feed arms. Targonski and Pozar, using the 
alternative feed and slot arrangement seen in Figure 7-1 (c), overcame this problem 
achieving input impedance and 3 dB axial ratio bandwidths of up to 500/0 [131]. An 
alternative solution using a cross slot and two feed lines located on two separate feed 
substrates as shown in Figure 7-1 (d) has also been proposed [132]. 
Circular polarisation has also been demonstrated using a single feed line. One 
approach is to use a linearly polarised aperture coupled patch antenna and external 
feed lines that couple the aperture-excited mode to the orthogonal mode [133]. This 
structure can be seen in Figure 7-2 (a). 
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Figure 7-2: Single feed aperture coupled patch antennas. 
(b) 
For circular polarisation, the length of this feed must be an odd multiple of90 
degrees. A drawback of this technique is that correct impedance matching must be 
maintained to ensure the orthogonal modes are of equal amplitude. 
A single slot perpendicular to the feed line with the patch rotated at an angle to the 
linear polarised position has been demonstrated [134,135] and can be seen in Figure 
7-2 (b). Phase quadrature, between the two orthogonal modes developed on the patch, 
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is achieved using a nearly square patch working on the principle of a comer fed 
degenerate mode patch antenna. This arrangement is simple and compact but, as with 
the original nearly square patch, is very sensitive to manufacturing tolerances. 
Further, the resulting axial ratio and input impedance bandwidth are very narrow. 
Vlasits proposed a solution to this problem using a cross slot fed by a single 
microstrip line [136] as seen in Figure 7-3. In this arrangement the cross is 
constructed from two orthogonal apertures. The single feed line excites both apertures 
equally in both magnitude and phase. Circular polarisation is achieved using a nearly 
square radiating patch. The cross aperture is positioned below the centre of each patch 
as this excitation symmetry helps to maintain good polarisation purity. 
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Figure 7-3: Single feed cross aperture coupled patch antennas as proposed by Vlasits. 
7.4 Cavity model 
Antenna analysis can aid the design process considerably by reducing the costly and 
time consuming trial and error cycles. This benefit is far more apparent when the 
design has to be optimised over a number of design parameters as in an aperture 
coupled antenna. 
The presence of two dielectric layers and the microstrip to slot transition complicate 
analysis of the aperture coupled patch antenna. The original analysis of the aperture 
coupled element presented a simplified cavity-type model [31], the structure fir t 
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receiving rigorous analysis by Sullivan and Schaubert [16] who used a full wave 
MoM solution. This work presented data showing the effects of various design 
parameters such as slot position and size on the input impedance locus of the antenna. 
Pozar [137] then introduced a method of treating the feed line to slot transition using 
the reciprocity theorem which eliminated the need for brute force modeling of the 
microstrip feed line and stub. 
Full wave analysis is very useful, rigorous, highly accurate and versatile enough to 
handle practical variations such as stacked patches, patches with radome layers and 
patches fed with stripline. However, these methods require large scale computational 
software with the added expense of relatively long computer run times, due to the 
slow convergence of the reaction integrals or tabulation of the Green's functions. 
Furthermore, model accuracy is increased by model complexity and with simplicity 
comes ease of use, implementation and physical insight. In addition these complex 
methods of analysis do not generate equivalent circuit models of the antenna, thus 
making it difficult to use the computer aided design approach preferred by many 
engmeers. 
A popular simple model is the cavity model. The cavity model uses magnetic wall 
boundary condition approximation for the periphery of the patch. This model 
generates a general equivalent circuit where the patch is represented by a number of 
tuned circuits all connected in parallel. A cavity model has been developed for the 
analysis of linear polarised aperture coupled patch antennas [138,139], with good 
results for the input impedance of antennas on thin substrates. This first reference was 
later modified to account for thick ground planes [140]. A further generalisation of 
this model breaks the periphery of the patch into a set of ports, each with an effective 
load admittance modeling edge of the patch as well as the feed point. This multi port 
network model [141] has the advantage of being capable of handling fairly arbitrary 
patch shapes and port elements. 
In order to design a cross aperture coupled single feed radiating element, the cavity 
model has to be adapted to this particular structure. This adaptation can then be used 
to generate the required design parameters required for practical realisation. 
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7.5 Cross aperture cavity model 
A cavity model of the cross aperture coupled patch antenna has been developed [20] 
that allows investigation into input impedance and axial ratio frequency performance. 
U sing the analytical expressions for the patch admittances at the apertures found in 
[20] , an equivalent circuit has been derived and can be seen in Figure 7-4. 
Lx,mn 
R Cx,mn x,mn 
1 
Lx,10 R x,1 0 C x,10 • 
c 
E 
>-
0:::: 
Figure 7-4: Equivalent circuit. 
The input impedance of the antenna is given by 
2 2 
n n Z Z = + - j' as ~ Y rr ,ani + Y ap Y y ,OI1I + op 
(7.1 ) 
Assun1ing two orthogonal apertures make up the cross aperture, n is the turns ratio of 
the microstrip feed line to aperture impedance transfom1. Yap is the se lf admittance of 
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the aperture and Yx,ant and Yy,ant are the radiating patch admittances at the apertures. Zos 
is the impedance looking into the tuning stub and can be expressed as 
(7.2) 
Yx,ant and Yy,ant are expressed using a string of m x n series ReL circuits all connected 
in parallel and can be found in [20]. The values of these circuit elements can be 
determined using 
L = da 
x,mn 16& 2A2 C mn 
C -1 era k~n x,mn = Lx,mn 2 ' 
C 
Rx,mn = Lx,mn kmn C iJeff (7.3) 
and 
2 
-1 era kmn C y,mn = Ly,mn 2 ' Ry,mn = L y,mn k mn C iJ eff (7.4) 
C 
respectively. m or n is equal to 1 for each fundamental mode, as defined in Figure 2-9. 
Amn is the magnitude of the Eigen function and ec is the cavity permittivity. La is the 
length and Ka is the wave number of each aperture. Km and Kn are the wave number of 
each orthogonal mode of the patch. da, era and ~effare the thickness, permittivity and 
effective loss tangent of the antenna substrate. 
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The axial ratio of the antenna is determined by finding the orthogonal voltages V Ox and 
VOyas seen in Figure 7-4 where 
(7.5) 
and 
(7.6) 
far field components Ex and Ey can then be expressed using 
(7.7) 
and 
d k -jkor 
E - a oe V" A B 
y - 2JrOJ&r . Oy' ~ On x,On (7.8) 
The mode coefficients Bx,mn and By,mn are defined in [20] and r is the distance between 
the magnetic current and the observation point. 
7.6 Design of cross slot aperture coupled patch antenna 
Bandwidth increases with antenna substrate thickness [142]. Antenna substrate 
thickness is limited when probe or microstrip line feeding methods are adopted as the 
impedance locus of the element becomes increasingly inductive [143]. Also spurious 
radiation from the feed line at bends and other discontinuities is unacceptably high for 
substrates thicker than a few hundredths of a wavelength. Aperture coupling can be 
used in response to these problems as the radiating patch and feed line are fabricated 
on separate substrates, allowing a think antenna and thin feed substrate. 
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Bandwidth decreases with an increase in dielectric constant, as the element size 
decreases raising the Q of the resonator. Using thick substrates with high dielectric 
constants increases surface wave generation and may lead to spurious radiation and 
radiation pattern degradation. Therefore a thick antenna substrate with a low dielectric 
constant is preferred for good bandwidth. Therefore a thick air substrate for the 
antenna was used with a height of 2.4 mm. Air has a low permittivity Er of 1 and does 
not suffer from the traditional problems related to thick antenna substrates, namely 
greater weight and increased cost. An additional benefit of using a low permittivity 
substrate is the resulting increase in nearly square patch size translates directly to a 
relaxation in manufacturing tolerances. 
For the feed line and matching stub a much thinner low loss substrate with a higher 
permittivity of2.33 and a height of 0.79 mm. 
The following design parameters were generated using the adapted cavity model, as 
seen in Figure 7-5. 
y 
I~ b ~I 
/ 
~~ ______________________ ~~x LJ 
~, 
Figure 7-5: Radiating element design parameters a = 15.3, b = 17.1, La = 12.5, Ws = 
1, Los = 4.8, Wf= 0.5, hI = 0.79, h2 = 2.6, h3 = 0.8 (all dimensions in mm). 
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The design of this antenna differs from the structure presented in [136] and [20]. This 
structure operates at a higher frequency (5.8GHz not 2.4GHz) and uses a lower 
permittivity antenna substrate (er = 1 not 2.33). The width of the single feed line has 
also been reduced as this has been shown to increase coupling through the aperture 
[131]. The resulting mismatch at the antenna feed point is removed using a quarter 
wave transformer. 
7.7 Wideband array 
As with traditional patch antenna arrays, aperture coupled elements can be used in 
arrays fed by both corporate [144,145] and serial [146] feed networks and offer the 
following advantages. There is more room for the feed network as it is fabricated on a 
separate substrate to the radiating elements. Furthermore, the problem of spurious 
feed radiation contribution to the main beam is eliminated by the ground plane that 
isolates the feed from the radiating elements. There is however a higher level of back 
radiation from the coupling apertures. This unwanted radiation can be shielded by 
another ground plane below the aperture [147], or by placing a patch antenna behind 
the aperture as a reflector that is intentionally operated well above its first resonance 
[131]. 
In the following section the cross aperture coupled patch antenna is used as a radiating 
element in a four element series fed sequentially rotated array. 
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7.7.1 Array layout 
The configuration of the antenna array is shown in Figure 7-6. 
Feed 
Point 
Figure 7-6: Configuration of aperture coupled patch array for LHCP. 
Each cross aperture coupled radiating element is sequentially rotated by 90 degrees 
with respect to each element's immediate neighbor at a patch spacing ofO.74A. The 
series feed compensates for this physical rotation by shifting the phase of each 
element's excitation by 90 degrees while distributing the power equally to each 
element and maintaining an input impedance of 50n at the feed point at the design 
frequency. As the input impedance to each radiating element is 50n, the feed is 
constructed using the design parameters presented in chapter 5. Radiating element 
design parameters and layer spacing are as defined in the previous section. 
7.8 Fabrication 
The feed network was fabricated using 0.79 mm 1I20z RT 5870 Duroid (Er = 2.33). 
The nearly square patches were etched onto a standard 0.8 mm l/20z FR4 PCB 
radome. Using M2 nylon bolts, the radome is supported 2.4 mm above the apertures 
which are etched into the ground plane of the feed substrate. 
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7.9 Practical Results 
The integrity of this structure and the validity of this design was confirmed using full 
wave simulation [117] and practical measurement. 
7.9.1 Frequency performance 
Results were obtained over a frequency range of 4.5GHz - 7.5GHz using both full 
wave simulation and practical measurement. Measurements of input impedance were 
made using an Anritsu 37347C vector network analyser confirming a VSWR 2:1 
bandwidth of at least 22.80/0 from 5.28 to 6.6GHz as seen in Figure 7-7 (a). Array 
input impedance bandwidth can could be increased further using an aperture closer to 
resonance [131] however this leads to more unwanted back radiation. 
Measurement of boresight axial ratio confirms LHCP with a 3 dB axial ratio 
bandwidth of 17.5% between 5.44GHz and 6.45GHz as seen in Figure 7-7 (b) . 
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7.9.2 Radiation pattern 
The radiation pattern of the array was determined within the anechoic chamber. using 
the methods and equipment described in Appendix C. 
The radiation pattern at 5.8GHz can be seen in Figure 7-8, the gain of the main lobe 
has been measured at 14.25 dBi with a 3 dB beam width of 30°. There is 14.5 dB 
difference between the main beam and side lobes seen at +/- 60° with nulls at 42° from 
boresight. 
o . 
180 
Figure 7-8: Radiation pattern of wide band array at 5.8 GHz (gain in dBi against e 
where ¢ = 0). 
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Conclusion 
A single wide band radiating element suitable for use in the OBU of a traffic 
management system has been presented. As a consequence of utilising both aperture 
coupling and a single feed arrangement, the requirement for space is reduced 
considerably as a single fed antenna does not require an external polariser. The use of 
an antenna substrate with a low permittivity increases the difference between the 
dimension of each orthogonal mode on the nearly square patch relaxing 
manufacturing tolerances. The use of air allows the patch to be supported using the 
OBU's plastic enclosure as a radome, hence fabrication complexity is also reduced. 
The relaxing of fabrication tolerances and reduction of fabrication complexity 
translates to a reduction in manufacturing costs; cost being an important consideration 
if large quantities of 0 B U' s are required in large scale motorway tolling applications. 
The result is a compact structure that is less expensive to produce with a significant 
improvement in frequency bandwidth. 
A new wide-band sequentially rotated 2x2 antenna array with a series feed and cross 
aperture coupled radiating elements has also been presented. Using the single feed 
aperture coupled radiating elements within an array excited by the series feed network 
leads to a particularly compact array design. This maximises the space available when 
incorporating microwave circuitry on the low loss feed substrate. 
The performance of the array has been confirmed by full wave simulation and 
experimental measurement verifying a VSWR 2:1 bandwidth of at least 22.8% and 3 
dB axial ratio bandwidth of 17.5%, a significant improvement over the monolithic 
four element array presented in chapter 4. Due to the increased resonant bandwidth of 
each radiating element, array VSWR 2: 1 is now more comparable to 3 dB axial ratio 
bandwidth. 
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CHAPTER 8 
CONCLUSIONS AND FURTHER WORK 
B.1 Summary of research 
A single layer dual feed circularly polarised microstrip patch antenna was successfully 
optimised for use within a series fed sequentially rotated array. Using a genetic 
algorithm and a complex impedance matching design approach it was possible to 
increase the input impedance at the dual feed point from 33 to 50 ohms; this results in 
a reduction of track width within the array's feed network. Step discontinuities 
between the dual feed sections were removed, reducing spurious feed radiation and 
internal reflections within the dual feed network away from design frequency. 
A series feed was used in two, three and four element sequentially rotated arrays. This 
feed geometry is particularly compact allowing the use of the optimised dual feed 
radiating elements. The performance of the three arrays with series and corporate 
feeding systems was evaluated. The performance of the two element arrays is 
comparable when either feeding system is adopted as, due the excitation phase delay, 
both feed network geometries are equivalent. The series fed three element array has a 
wider VSWR 2: 1 bandwidth when compared to the same array using a corporate feed, 
although the pass-band is not symmetrical around the design frequency. The corporate 
fed three element array has the widest 3 dB axial ratio bandwidth of the monolithic 
arrays considered here. 
The four element series fed array demonstrates a considerable increase in VSWR 2:1 
bandwidth when compared to the four element corporate fed array, although the 3 dB 
axial ratio bandwidth is not as wide band with either feed. The benefit in VSWR 
bandwidth is due to a favorable relationship between internal reflections within the 
series feed network; the trade off being increased complexity of series feed design. As 
a consequence, an adaptation of simulated annealing was developed to generate the 
values of the series feed sections for which no closed form expression exists. Using 
this technique it was also possible to minimise the width of the tracks in the series 
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feed network. An accelerated cooling schedule within the algorithm resulted in less 
thorough coverage of the solution space in exchange for a reduction in run time. This 
lack of coverage is justified, as sensitive solutions translate directly to tight 
manufacturing tolerances. 
The frequency bandwidth of the four element array with traditional dual feed radiating 
elements was shown to be heavily dependant upon the radiating element's dual feed 
length. However, array VSWR bandwidth did not exceed that of the same array 
containing the optimised dual feed radiating elements. 
The performance of all three monolithic series fed arrays using single feed nearly 
square radiating elements have less bandwidth performance than the same arrays 
using the optimised dual feed radiating elements. 
The ideal choice between series or corporate fed arrays is ultimately dependant upon 
the choice of radiating elements, the patch spacing, the real estate availability within 
the array, the bandwidth and the gain requirements of a specific application. 
The gain and radiation pattern characteristics of the four element 2x2 array satisfy the 
range and communication zone requirements of a vehicle access control application, 
whereas the characteristics of a sixteen element 4x4 array are required to satisfy the 
requirements of a motorway tolling application. A 4x4 antenna array was constructed 
from sequentially rotated 2x2 arrays, fed with the same series feed. This array 
demonstrated comparable VSWR 2: 1 and 3 dB bandwidth; which is twice as wide as 
the same array using a corporate feed. Side lobe reduction was demonstrated by 
altering the power division within the series feed. The input impedance and axial ratio 
performance of these modified arrays is comparable to the corporate fed array as the 
desirable relationship between internal reflections within the series feed network no 
longer remained. 
A single feed cross aperture coupled patch antenna results in a compact wide band 
radiating element ideal for use within the OBU of a traffic management system. Using 
air for the antenna substrate leads to both a relaxation in the nearly square radiating 
patch's dimensional tolerance and allows the use of the OBU's plastic case to support 
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the antenna. The result is a reduction in fabrication precision and complexity which 
leads to a reduction in manufacturing cost. An adaptation of the cavity model proved a 
useful design tool for the development of this antenna, reducing time consuming trial 
and error attempts when altering the many interrelated design parameters. 
U sing the cross aperture coupled antenna as a broadband radiating element within the 
four element series fed array resulted in an improvement of both input impedance and 
axial ratio bandwidth. Using the cross aperture coupled radiating elements increased 
the VSWR 2:1 bandwidth by a factor of2.5 and the 3 dB axial ratio bandwidth by a 
factor of 6 compared with the monolithic four element array presented in Chapter 5. 
This four element array's VSWR 2:1 bandwidth is now comparable to its 3 dB axial 
ratio bandwidth, this is due to the increased resonant bandwidth of the radiating 
elements. The use of a compact feeding geometry maximises available real estate on 
the low loss feed substrate for the inclusion of microwave circuitry. 
A good measure of the success of this research is that as a consequence of a joint 
venture between the University of North umbria, Resero Technology Systems Ltd, a 
local SME, and Racal, a large traffic management system has been implemented at 
Bluewater®, a large shopping centre located south of the Dartford Tunnel. At the time 
of installation, this was the largest 5.8Ghz traffic management system in operation 
within the United Kingdom [148]. 
8.2 Suggestions for further work 
8.2.1 Cross polarised radiating elements 
The input impedance and axial ratio bandwidth of a single circularly polarised 
radiating elements can be increase by intentionally cross polarising the radiating 
element; the trade off is in performance at design frequency. As a consequence this 
radiating element may be of little benefit in isolation. However, due to the canceling 
effect shown in arrays of sequentially rotated radiating elements, good performance at 
design frequency can be achieved while increasing array bandwidth further. Using 
sequential rotation to allow the use of cross polarised radiating elements has been 
demonstrated in the past. In [149] travelling wave elements are sequentially rotated to 
form an array compensating for a lack of boresight from the single elements. In [49] 
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cross polarised notched disc radiators are used in a sequentially rotated array to 
slacken manufacturing tolerances. Indeed, in [87] linear polarised radiating elements 
are sequentially rotated to form a circularly polarised array. However, to the author's 
knowledge, intentional cross polarisation has never been used directly as a bandwidth 
enhancing technique. 
In a LHCP array composed of dual feed radiating elements, an increase in array 
performance is seen when the dimension of the patch mode fed with the 90 degree 
phase delay is reduced with a corresponding increase in the dimension of the 
orthogonal mode. In a LHCP array of single feed nearly square patches the benefit is 
seen when the patch is made 'even less' square. Reversing the dimensional variation 
has the opposite effect reducing the individual radiating elements frequency 
bandwidth and that of arrays composed from these elements. In [49] elliptical 
polarisation was achieved by decreasing the depth of the notch in a notched disc, 
however the significance of the cross polarised being in this direction (i.e. increasing 
the depth of the notch) is not addressed. 
U sing full wave simulation, a preliminary investigation into using this technique been 
conducted. In Table 9-1 a comparison is made between the performance of2x2 arrays 
using perfectly circularly polarised radiating elements and the performance of the 
same arrays where the radiating elements are elliptically polarised. 
-/+ 3 mill Original +/- 3 mill +/- 6 mill 
VSWR2:1 8.5% 8.9% 9.1% 9.46% 
Dual feed 
-3 dB AR 2% 3.2% 4.1% 4.8% 
VSWR2:1 9.4% 9.68% 10.03% 10.5% 
Single feed 
-3 dBAR 2.4% 3.325% 4.25% 5% 
Table 9-1: Four element array performance containing radiating elements with 
varying degrees of cross polarisation (patch Q = 47). 
This increase in frequency bandwidth performance has been shown to be at the 
expense of main lobe gain [91], where the power is redistributed to cross polarisation 
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in the diagonal plane. As a consequence, the benefit of using this technique will 
depend on the specific bandwidth and gain requirements of an application. 
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Appendix A: Traffic management system 
Specification of system parameters 
Frequency of operation 
The recommended frequency of operation for traffic applications in Europe s is 5.725 
- 5.875GHz as designated by CEPT. 
Power 
The maximum Effective Isotropic Radiated Power (ERIP) for the 5.8GHz system is 
+3 dBW or 2 Was recommended by CEPT. 
Polarisation 
Both the Carrier Wave (CW) transmitted from the RSU and the reflected CW from 
the OBU use LHCP. If the CW is reflected either by the road or from a vehicle, the 
polarisation is reversed to RHCP and consequently is ignored. 
Communication mode 
To reduce the expense of the OBU, the system uses a simplex communication mode. 
Transmission mode 
It has been decided to use asynchronous transmission mode as it is an efficient and 
adequate means of transmitting this information. 
Data rate 
A data rate of 250Kbits/sec is used or the up-link. This is considered the best 
compromise between requirements for the amount of information to be transmitted, 
and the compatibility with the OBU's clock frequency. 
Bit error rate 
The recommended raw Bit Error Rate (BER) for the system is 10-6 . From 
experimental work carried out it has been found that if the vehicle is in a good 
communication zone no errors have been detected. 
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Up link sub-carrier frequency 
To reduce the interference from flicker noise a sub-carrier is used. The freq uency of 
the sub-carrier must be high enough to minimise the effect of the flicker noise while 
being readily extracted from the microcontroller's oscillator within the OBU. A 
convenient frequency of the sub-carrier is therefore 1 MHz. 
Up link sub-carrier modulation 
F or reasons of hardware implementation, data recovery and BER performance, the 
data Difference Phase Shift Key (DPSK) modulates the 1 MHz sub carrier. This is 
achieved using Non Return to Zero (NRZ) encoding producing 180 degree phase shift 
for a '1' and 0 degree phase shift for a '0'. 
Uplink modulation of the 5.8GHz carrier 
The DPSK modulated sub-carrier Phase Shift Key (PSK) modulates the 5.80Hz 
carrier wave as it is efficient and readily realised using a single diode at the OBU. The 
diode modulator provides a double side-band output signal. 
System operation 
The RSU transmits a constant 5.80Hz CWo When not in use, the OBU adopts a low 
power or 'sleep' mode to conserve power. The OBU must automatically detect the 
constant CW when it enters the communication zone and ' wake up'. The OBU then 
transmits its individual ID back to the RSU by phase shifting the reflected CW, before 
re-entering sleep mode. 
A schematic diagram of the RSU and the OBU are shown in Figure A-I. 
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Figure A-l: Schematic diagram of the RSU and OBU. 
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For downlink transmission, from the roadside to the vehicle, the carrier signal is 
transmitted using LHCP via the transmit antenna array. In the vehicle a single LHCP 
microstrip antenna receives the signal. The 8 bit microcontroller detects CW using the 
simple diode detector. For the up-link transmission, CW transmitted by the RSU is 
reflected back by the OBU, thus eliminating the requirement for a microwave 
oscillator within the OBU. PSK modulation of the reflected CW is implemented using 
the same single diode (by switching it on and off) thus maintaining a compact OBU. 
The RSU receives the OBU's 24 bit ID within a 17 byte data stream. Interface 
circuitry within the RSU performs the necessary error checking before presenting the 
ID to a host PC as three bytes of data. The host PC is required to validate the ID, 
through some form of administration data base, and take appropriate action such as 
granting, denying or logging access, controlling barriers, traffic lights and variable 
message SIgns. 
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RSU and OBU mounting 
The RSU is mounted at an angle of 45 degrees with the road, although flexibility in 
this angle is required. For use on the open road, the RSU can be mounted to a vertical 
surface such as a motorway gantry or to a horizontal surface such as an RSJ girder 
beneath a bridge, as seen in Figure A-2. 
PLATE 
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JJ 
I I 
I 
Angle Bracket 
--------
1 
RSJ GIRDER I --~~~~-----r~/~ 
/ 
Clamp 
Figure A-2: Overhead RSU fixing. 
Bracket 
End 
Stop 
For use at a barrier entry, the RSU is mounted to the barrier enclosure as seen in 
Figure A-3. As the RSU is positioned at the side of the road, this fixing has an 
additional degree of freedom allowing the RSU to tip forward and swing round into 
the road. 
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Figure A-3: RSU mounted to barrier cabinet. 
~Adapter 
Flex 
The OBU is centrally mounted behind the rear view mirror of the vehicle, allowing 
optimal alignment between the OBU and an overhead RSU. This also allows a barrier 
mounted RSU to be on either side of the road. 
System testing 
System performance and footprint outline can be determined using a test OBU that 
continuously transmits a test code and a portable interface unit that can identi fy when 
this code is being successfully received. 
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Test OBU 
The test OBU continuously sends the test code hex 807F80. This ID or code (binary 
10000000, 01111111, 10000000) results in long streams of 0' s and l' s, this being 
particularly difficult for the decoder within the RSU to read as it maximises the risk of 
losing the bias point. When the test OBU's push button is pressed and released the test 
OBU begins transmitting a continuous stream of test codes. When the button is 
pressed and released again it stops. The fact the test OBU can be latched on enables 
hands free testing (such as driving through the communication zone). 
Test interface unit 
The test interface unit beeps once every time it identifies a test code, the duration of 
the tone is the same as the duration of the test code hence results is a continuous tone 
when the test OBU is in the communication zone. The tone becomes 'gritty' when at 
the periphery of the communication zone. An additional green LED signifies an ID 
other than the test ID has been received. 
Footprints 
The communication zone of the system is dictated by the alignment of the RSU and 
choice of the antenna arrays within the RSU. To obtain the footprint of the system 
using 2x2 and 4x4 antenna arrays, the test interface unit was connected to the RSU 
and the test OBU used to trace out the footprint. In both scenarios, the test OBU was 
positioned at 45 degrees to the road, always facing directly forward in the direction of 
travel, at a height of 2cm from the road surface. 
The footprint of an access control system, using the 2x2 antenna arrays optimised in 
Chapter 5, can be seen in Figure A-4. The RSU was tilted at 45 degrees with respect 
to the road and twisted by 45 degrees into the road. The RSU was mounted in 
alignment with the side of the road (the thickest vertical line in Figure A-4) at a height 
of 2.2 meters. The symbols represent the edges of the communication zone that 
demonstrated a clear tone when using the test OBU and interface unit. Gritty reads 
were obtained beyond these footprints but were deemed unreliable hence are not 
marked on this figure. 
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Figure A-4: Footprint of access control RSU using the 2x2 arrays. 
Although faint side lobes were detected, these were gritty so are not marked in the 
figure. 
The footprint of a motorway tolling system, using the 4x4 antenna arrays with 
reduced side lobes presented in Chapter 6 (Array B) can be seen in Figure A -S. 
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Figure A-5: Footprint of motorway tolling RSU using the 4x4 arrays. 
The RSU was centrally mounted at a height of 8 meters perpendicular to the 
carriageway and tilted down at an angle of 45 degrees . The distance between the RSU 
and the center of the communication zone was 9 meters. The thick vertical lines in 
Figure A-5 designate the periphery of the lane. 
In both application scenarios measurements were taken at road height so the 
dimensions of the communication zone of a vehicle mounted OBU can be obtained by 
projecting lines from the edge of these footprints to the RSU in both ide and end 
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elevations. Raising the RSU further can increase the width and length of the 
communication zone, however even a car traveling at high speed only requires a small 
amount of communication zone to successfully transmit the ill; the footprint area is 
therefore required for coverage only. 
Application 
The antenna arrays developed in this thesis have been successfully used in a 
commercial traffic management system installed at Bluewater shopping center in 
Kent. The system has two distinct tasks. It has to monitor vehicles entering site, both 
under a motorway gantry and a bridge. RSUs using the 4x4 antenna arrays developed 
in Chapter 6 were mounted at these locations. The system also has to control access to 
four designated staff car parks at the periphery of the site. RSUs with the 2x2 antenna 
arrays optimised in chapter 5 were used at these locations. It is pleasing to note that as 
a direct consequence of this research, a commercially viable traffic management 
system employing 3500 OBUs has been developed and installed. 
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Appendix B: Axial ratio formula derivation 
The axial ratio of the radiating element is found by finding the relative magnitude and 
phase of V 2 and V 4 as seen in Figure B-1. The relationship between these voltages can 
be found by assuming a constant voltage source of one volt is applied at the feed point 
which is then transformed through the feed network. 
Each section of feed line is treated as a section of transmission line. In general, the 
ratio between the voltages at each end of a transmission line section can be found by 
determining Vin and Vas defined in Figure B-1. 
~e 
I ... I ~I 
i Y;n Zo vi lL 
Figure B-1: Feed line section represented as a section of transmission line. 
~ne is an incident voltage of 1 volt and r L is the reflection coefficient of the load. V is 
determined by adding the incident voltage just before it has been reflected, with the 
incident voltage just after it has been reflected by a mismatched load. This can be 
expressed as 
v = v: e(-JjJI) (1 + r) 
me 
(B.l) 
Vin can be found by adding the original incident voltage with its returning reflection, 
hence expressed as 
v = V [1 +e(-J,82/)r] 
m me 
(B.2) 
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The voltage ratio V2/V4 in Figure 3-6 is detennined by fmding the product of the ratio 
V/V;n for each feed line section between these two points, hence 
(B.3) 
where N is the number of feed line sections, r n is the reflection coefficient and In the 
length of nth feed. 
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Appendix C: Far Field Measurement 
The axial ratio of an elliptically polarised antenna is the ratio between the signal 
strengths on the major and minor axis of the ellipse. The major axis of the ellipse, the 
azimuth, can be at any angle relative to the antenna. Therefore it is necessary to 
measure the signal strength at all azimuths and select the highest and lowest readings. 
As a consequence, measurements of axial ratio made using a spinning receiving a 
antenna. 
The antenna under test is mounted at one end of an anechoic chamber and is 
connected to a plain carrier wave source of the desired frequency. Mounted on a 
rotary joint at the opposite end of the chamber is a small linearly polarised receiving 
antenna, this is connected to the input of the spectrum analyser. A small electric motor 
causes the receiving antenna to turn at about 120rpm, i.e. the antenna's azimuth 
rotates twice per second. An output from the spectrum analyser is connected to an 
interface unit which enables instantaneous signal strength to be passed to a pc. 
As measured samples are not synchronised with the azimuth of the antenna the PC 
software detects the turning points in signal strength. If the strength is rising the 
samples continue until the current sample is less than the previous sample, then a 
record is made of the previous sample as the maximum. Samples continue as the 
signal strength falls until the current sample is higher than the previous sample, and a 
record of the previous sample is made as the lowest value. Each revolution of the 
receiving antenna gives two maximums, and two minimums, so the data is 
continuously updated four times a second. 
Once 200 samples have been taken, the mean difference between the maximum 
highest and minimum lowest values is displayed as axial ratio in dBs on the PC's 
screen. It is necessary to manually set the signal generator and spectrum analyser to 
the next frequency. 
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The gain of the antenna under test (the transmitting antenna) was also detennined 
from received signal strength, the transmitted power, the gain of the receiving antenna 
and the path loss which is given by 
4nr 2010g-
~ (C.l) 
where r is the distance between the antenna under test and the receiving antenna. A 
component of the maximum and minimum signal strength is used as the received 
signal strength to cater for any cross polarisation. 
Measurements were taken as a function of theta or beam heading by mounting the 
antenna under test onto a rotator driven by a stepper motor controlled by the same PC, 
which rotates from e = -90° to e = 90°. To perform the test, the PC first sets the beam 
heading to -90 degrees. The PC software samples the signal strength at 200 samples 
per second for approximately one second, i.e. about two rotations of the receiving 
antenna. It was found that sampling for two rotations of the receiving antenna gave 
more accurate results when the axial ratio was poor. The rotator is then moved 
clockwise by 0.9° (the resolution of the rotator's stepper motor) to -89.1 0, and a new 
set of 200 samples is taken and plotted for this new beam heading. This process is 
repeated 200 times until the antenna under test has rotated 180° and the beam heading 
is +90 degrees. 
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Appendix D: Feed optimisation solutions 
Table 5-1 , Row 1, 33n patch, 137 max and target. 
¢ \ C:\OOCUME-1 \Huw\Oesktop\PH. O\ANNEAL2. EXE .. '>'!.::i'·~L~"?;·~i':~~:a.mIEJa ~·~;:·; . ".(~l-~i~; . • 
Temperature = -0 . 1 
Z[O] = 50.0000 . Zin[O] = 50 . 0000. Zout[O] = 50.0000. Zpress[O] = 0 
12[ I] = 100 .0000 . Zin[l] 200.0000 . Zout [ 1 ] = 50 . 0000. Zpress[l] = 0 
Z[2] = 87 , 3703. Zin[2] = 66 . 6667 . Zout[2] = 1111.5035. Zpress[2] = 50 
Z[3] = 131 . 05511. Zin[3] = 343.5105. Zout[3] = 50.0000. Zpress[3] = 6 
:Z[ 4] = 108 .6260. Zin[4] = 171.7552. Zout[4] = 68 . 7001 . Zpress[4] = 28 
IZ [5] = 82 .8855 . Zin[5] = 137. 1l002 . Zout[5] = 50.0000 . Zpress[5] = 54 
IZ [6] = 137 . 3652. Zin[6] = 137.4002 . Zout[6] = 137.3303 . Zpress[6] = -73 
Z [7] = 82.8644 . Zin[7] = 137.3303. Zout[7] = 50 .0000 . Zpress[7] = 54 
Best : 
Z[O] = 50 . 0000. Zin[O] = 50 .0000. Zout[O] = 50 .0000. Zpress[O] = 0 
IZ [ 1 ] = 100.0000 . Zin[l ] : 200.0000 . Zout[l] : 50.0000. Zpress[l] = 0 
Z[2] = 87.4408. Zin[2] = 66.6667. Zout[2] = 114.6883 . Zpress[2] = 50 
Z[3] : 131 . 1611 . Zin[3] = 3114 .0649 . Zout[3] = 50 .0000. Zpress[3] : 6 
Z[4] = 108 . 3616. Zin[4] : 172 .0325. Zout[4] = 68 . 2559 . Zpress[4] = 28 
Z[5] : 82 . 6171 . Zin[5] : 136.5119 . Zout[5] : 50.0000 . Zpress[5] = 54 
IZ[ 6] = 136.9536 . Zin[6] = 136 . 5119. Zout[6] = 137.3968 . Zpress [6] = -131 
IZ[7] = 82.8845. Zin[7] = 137 . 3968. Zout[7] = 50 .0000. Zpress[7] = 54 
Hit a key please_ 
Table 5-1, Row 2, Table 5-2, Row1 , 50n patch, 137 max and target. 
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Table 5-2, Row 2, 50n patch, 145 max and target. 
Table 5-3 , Row 1 50n patch, target ' sweep'. Fitness function: Total error. 
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Table 5-3, Row 2 son patch, target ' sweep' . Fitness function: Maximum error. 
¢ "" C:\OOCUME-1\Huw\Oesktop\PH.O\ANNEAL3.EXE . "':~,.;-
..... ,. ~ ..... 
targetZ= 136.1300 . minZ= 50.0000. maxZ= 137 . 0000 
Z[O]= 50.0000. Zin[O]= 50 . 0000. Zout[O]= 50.0000 . 
Z[l]= 100.0000. Zin[l]= 200.0000 . Zout[l]= 50 .0000 . 
Z[2]= 57.7712. Zin[2]= 66.6667. Zout[2]= 50.0627. 
Z[3]= 86.6568 . Zin[3]= 150.1881. Zout[3]= 50.0000. 
Z[4]= 75.8180. Zin[4]= 75.0941 . Zout[4]= 76.5488 . 
I
Z[5]= 87.4922. Zin[5]= 153.0977. Zout[5]= 50.0000. 
Z[6]= 137.0116. Zin[6]= 153.0977. Zout[6]= 122.6158. 
IZ[7]= 78.2994. Zin[7]= 122.6158. Zout[7]= 50.0000. 
Best: 
Z[O]= 
Z [ 1 ] = 
Z[2]= 
Z[3]= 
IZ [4] = 
Z[5]= 
Z[6]= 
Z[7]= 
Hit a 
targetZ= 52.6100 . fitness (local smoothness) : 
50.0000 . Zin[O]= 50 .0000. Zout[O]= 50.0000. 
100.0000. Zin[l]= 200.0000. Zout[l]= 50.0000. 
50.0000 . Zin[2]= 66.6667. Zout[2]= 37 .5000 . 
75.0000. Zin[3]= 112.5000. Zout[3]= 50.0000 . 
50.1122. Zin[4]= 56.2500. Zout[4]= 44.6441. 
66.8162. Zin[5]= 89.2882 . Zout[5]= 50 .0000. 
66.8667. Zin[6]= 89.2882. Zout[6]= 50 .0756. 
50.0378 . Zin[7]= 50 . 0756. Zout[7]= 50.0000. 
key please 
Zpress[O]= 
Zpress[l]= 
Zpress[2]= 
Zpress[3]= 
Zpress[4]= 
Zpress[5]= 
Zpress[6]= 
Zpress[7]= 
25 .0000 
Zpress[O]= 
Zpress[l]= 
Zpress[2]= 
Zpress[3]= 
Zpress[4]= 
Zpress[5]= 
Zpress[6]= 
Zpress[7]= 
0 .0000 
0.0000 
78 . 3664 
49.4846 
60 . 3320 
48.6494 
-0 .8636 
57.8306 
0.0000 
0.0000 
2.6100 
-22.3900 
2.4978 
-14.2062 
-14.2567 
2 .5722 
Table 5-3, Row 3, son patch, 137 max target ' sweep' . Fitness function: Local 
smoothness. 
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for a dual-feed circular polarised patch 
antenna design 
B. Aljibouri, E.G. Lim, H. Evans and A. Sambell 
A design pro~edure for a dual feed network is presented to produce a 
cI~cular po.lansed matched antenna involving eight design parameters 
with associated constraints. Determination of such design parameters 
has been made possible by utilising a multiobjective genetic algorithm 
(MGA) approach. The conditions for circular polarisation and 
impedance matching were the objective functions employed in the 
MGA. The associated constraints were the lengths and characteristic 
impedance values of the feed network. The return loss and axial ratio 
for a 5.8GHz antenna were investigated and good agreement was 
obtained between simulated and practical measurements. 
Introduction: Microstrip patch antennas are used in a variety of commu-
nication systems, especially when the receiver needs to be compact and 
?ave.a 10':" profile. Further, f~r applications such as radio frequency 
IdentificatIOn (RFID) systems III which the receiver may be placed in 
any orientation, circular polarisation is used. Circular polarisation can 
be realised by using either a single [1] or a dual feed [2, 3]. In many 
cases, owing to the simplicity of design and manufacture a dual-feed 
arrangement is preferred. 
An MOA programme has been developed to optimise the design of 
the dual-feed network, involving eight variables, which are required to 
meet the conditions for circular polarisation and matching at the feed 
port. Two constraints on the design parameters have also been applied, 
one to ensure that the widths of the feed lines are as narrow as possible 
yet realisable, and the other constraint to ensure that the lengths of the 
feed lines are sufficient to fit the network around the square patch 
antenna. 
~n Zl.61 Zin ~a 61 b 62 C 
ZL 
L 
ZL 
L d 64 e 
a b 
1586/11 
Fig. 1 Dual-feed LRep square patch antenna and equivalent circuit 
Design of feed network using multiobjective genetiC algorithm 
approach: A dual feed network based on a power divider to produce cir-
cular polarisation is shown in Fig. la and its transmission line model in 
Fig. lb. 
It is possible, using a transmission line approach, to match a complex 
load impedance to a complex source impedance by relaxing the con-
straint length ofa traditional1J4 transformer [4]. Consequently, by vary-
ing the impedance and lengths of the transmission lines of the feed 
network, both matching and circular polarisation conditions can be sat-
isfied. For the structure shown in Fig. 1 the design variables' parameters 
(characteristic impedances and element lengths of the feed network) are 
Zlo 8" Z2, 82, Z3' 83, Z4' 84 and constitute the parameter set in the MOA. 
The two objective functions employed in the MOA are given by eqns. 1 
and 2 below and give the conditions required for circular polarisation 
and impedance matching, respectively. For circular polarisation 
V2 _ c j (lh+92) [1 + fl][1 + f2] 
V4 - [1 + fle-2j81j[1 + f2e-2j82] 
[1 + f 3e-2j83][1 + f 4e-2j84] . 
x e- j (83+84 ) [1 + f 3 ][1 + f 4] = 1=) 
(1) 
where flo f 2• f3 and f4 are the reflection coefficients at junctions b, c, d, 
and e, respectively (see Fig. 1). 
For the impedance matching 
f. - Zin - Zo - 0 
m - Zin + Zo -
(2) 
where fin is the input reflection coefficient at junction 'a'. 
For microstrip realisation, search intervals between 120n and 140n 
were used for the parameters Z" Zz, Z:!, Z4' The 120n impedance was 
chosen to reduce the coupling between the feed lines and the antenna 
and also to mi.nimise the step discontinuities at the feed lines junctions. 
thereby ~duCl~g spurious radiation. The 140n impedance represents 
the maXlmum Impedance that can be realised. To fit the feed networl<. 
~ound the antenna, the lengths 8" 82• 83, 84 were constrained to an 
Illterval between 7tl4 and 7t. 
The tolerance for 1 VzI V41 was I ± 0.1 and for arg( V2i V4 ) was 90° ± -+ c • 
so as to ensure good circular polarisation, while the tolerance for r was 
± 0.02 in order to produce good matching conditions. ,. 
o 
-5 
III -10 
'C 
",-15 
0t-nl5:"nt:;i1:::::;~~~~oo .Q -20 E -25 
~ 
a; -30 
~ -35 
40~~5~.5~5~.6~5~.7~5~.~8~5.9 
-1 
a 
frequency, GHz 
b 
1586121 
Fig. 2 Simulated and practical results of dual-feed square microstrip patch 
antenna 
---practical 
-Q- simulated 
h = 0.79, Er = 2.33 
25 
5.8 
frequency, GHz 
a 
25 
Fig. 3 Simulated results for LRep and RHep designs 
a Axial ratio 
b Radiation pattern 
-Q-LHCP 
-X-RHCP 
b 
Results and discussion: The MOA approach, based on a nondominating 
sorting genetic algorithm [4], was developed to produce sets of feasible 
solutions. Selection was made from these solutions, using additional 
factors, such as a preference for similar characteristic impedance values 
of the feed line network. 
The operating frequency of the patch antenna was 5.80Hz, and the 
feed network was optimised to produce left- and right-hand circular 
polarisation (LHCP and RHCP) with a 50n matched input impedance 
condition. The two sets of solutions for the optimised feed network are 
shown in Table I. 
Table 1: Two sets of solutions for optimised feed network 
6, Z, 62 Z2 63 Z:3 64 Z4 Zin 1V2IV41 arg(V2IV4) CP 
2.31 135.0 1.96 132.4 0.8 135.2 1.16 134.3 50-{).5i 0.97 86 RH 
1.2 137.4 0.74 137.1 2.3 135.7 1.97 138.6 49.5+{).5i 1.08 89.7 LH 
As can be seen in Table 1, it is possible to use an average value of 
impedance for all four feed lines as this value is within the design and 
typical manufacturing tolerances. This makes the design particularly 
attractive as the effect of the step discontinuity is eliminated and also 
spurious radiation is reduced. 
Practical and simulated (full-wave analysis software) results for the 
reflection coefficient of the LHCP solution using 137.2n are shown in 
Fig. 2 and indicate that a good matching condition at 5.80Hz has been 
obtained. 
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LHCP and RHCP designs are shown in Fig. 3 with a good axial ratio 
and the expected radiation patterns. 
Conclusion: It has been shown that the design of a dual-feed network for 
a square patch antenna for circular polarisation involves eight variables 
and that a closed form solution to the problem cannot be obtained. An 
MGA with specified constraints has been successfully implemented to 
optimise the design of a dual-feed network. A feed network with single 
feed impedance has been realised. The practical and simulated results 
for the return loss, axial ratio and radiation pattern show good agree-
ment and confirm the validity of the approach. 
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of serial feed sequentially rotated 2 x 2 
antenna array 
H. Evans, P. Gale, B. Aljibouri, E.G. Lim, 
E. Korolkeiwicz and A. Sambell 
A 5.8GHz circularly polarised 2 X 2 patch antenna array is presented, 
employing sequential rotation of dual-feed circularly polarised 
elements; appropriate phase-shifting and power splitting are achieved 
via a serial feed arrangement. The feed has been optimised using 
simulated annealing; the resulting structure has a voltage standing wave 
ratio 2:1 bandwidth of 9.8%. Results obtained by full wave simulation 
and practical measurement confirm the integrity of the design. 
Introduction: Many modern communication systems use single-layer 
patch antenna arrays as they are light, low profile and inexpensive. One 
such system is a two-way digital communication link between a moving 
vehicle and a roadside beacon for traffic management applications. This 
array has been used in the roadside unit of a commercial system and also 
as a sub-array within a 4 x 4 arrangement resulting in a gain of 18.9 dBi. 
Sequential rotation of radiating elements, with suitable excitation 
phase-shifting, has been shown to improve the polarisation purity and 
radiation pattern symmetry over a wide range of frequencies. In addi-
tion, owing to the excitation phase-shifting by the feed, off frequency 
reflections from mismatched elements tend to cancel out at the feed 
point, leading to improved input impedance over a wider bandwidth 
[1 - 3]. These applications of sequential rotation all employ some form 
of corporate feed network. 
This Letter presents a design that incorporates sequential rotation 
using a serial feed to provide appropriate phase-shifting and power split-
ting between the radiating elements. As it is not possible to obtain closed 
form expressions, the impedance elements within the feed network have 
been optimised using a simulated annealing algorithm. 
Array description: The antenna configuration is shown in Fig. la. The 
radiating elements are dual feed left hand circularly polarised microstrip 
patches with an input impedance of 50n [4], which are sequentially 
rotated by 90° with respect to each element's immediate neighbour. The 
serial feed compensates for this physical rotation by shifting the phase 
of each element's excitation by 90°. 
50Q 
Z3 
50Q 
Z1 Z5 
a b 
Fig. 1 Antenna corifiguration and equivalent circuit 
a 2 X 2 antenna array incorporating sequentially rotated radiating elements 
excited by serial feed network 
b Equivalent circuit for serial feed network 
The radiating elements are spaced at 0.741.. as it has been shown that 
this minimises mutual coupling without substantial degradation of the 
radiation pattern by side lobes [5]. Smooth bends were used in the feed 
network as it has been shown that this can reduce feed radiation [6]. The 
use of high impedance elements in the feed network further reduces cou-
pling and spurious radiation. 
At the design frequency, the serial feed ensures that equal power is 
fed to each element. Off frequency, as the signal propagates along the 
feed, correct phase-shifting and power splitting progressively deterio-
rate. Although degradation of accurate power splitting dominates, the 
use of sequential rotation reduces this problem. 
Feed optimisation: The equivalent circuit for the serial feed can be seen 
in Fig. lb. AJ4 transformers are used to provide the necessary imped-
ance matching and phase delays. The value of Zl is fixed, as it must 
both divert a quarter of the power to the first patch while ensuring that 
the input impedance to the whole structure is 50U There is no unique 
solution to the remaining impedances. However, to ensure Z5 and Z7 are 
at a maximum impedance, it is necessary to make Z6 the maximum 
impedance that fabrication constraints will allow, typically between 128 
and l45U 
An adaptation of iterated simulated annealing [7] has been imple-
mented in C++ to optimise the feed network with the following the con-
straints. The minimum impedance was constrained to 70n to reduce 
coupling and spurious radiation. In this Letter, solutions were found for 
a maximum impedance of 128 and l45U The target impedance was set 
to the maximum impedance value. The input impedance at the feed 
point, ZI., was constrained to 50n for this array, although it can be 
changed if the structure were used as a sub-array. The patch input 
impedance was set to 50n for this design. 
Results: Two sets of solutions for the feed network can be seen In 
Table 1. In both cases the optimisation algorithm has ensured that Z6 is 
at the maximum value, thus ensuring both Z5 and Z7 are also at maxi-
mum values; all impedances are within the specified constraints. 
Table 1: Feed network solutions with maximum impedance restrained to 125 
and 145U 
Zi. ZI Z2 Z3 Z4 Z5 Z6 Z7 
Q Q Q Q Q Q Q Q 
50 100 80 120 96 80 128 80 
50 100 90 135 115 85 145 85 
The antenna was fabricated on 0.79mm 1/2 oz RT 5870 Duroid (£r = 
2.33). The integrity of the design has been confirmed using full wave 
simulation [8] and experimental measurement. The voltage standing 
wave ratio (VSWR), radiation pattern and axial ratio can be seen in 
Fig. 2. Practical measurement confirms a VSWR 2:1 bandwidth of 
9.8% although the axial ratio is not as wide band. The gain of the main 
lobe has been measured at I2.4dBi. 
o 
frequency, GHz 
a 
330 .......... ' 
r; 
300/ 
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Fig. 2 VSWR, radiation pattern and axial ratio 
aVSWR 
-x- full wave simulation 
---practical measurement 
b Radiation pattern 
-x- full wave simulation 
• practical measurements 
c axial ratio 
-X- full wave simulation 
c 
Conclusion: A sequentially rotated 2 x 2 antenna array with a serial feed 
has been presented. Simulated annealing successfully optimised the feed 
network with a minimum of computational resources. The perfomlance 
of the array has been confirmed both by full wave simulation and Cl(per-
imental measurement confirming a VSWR 2:1 bandwidth of9.8%. 
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Cavity model of circularly polarised 
cross-aperture-coupled microstrip antenna 
B.AI-Jibouri, H.Evans, E.Korolkiewicz, E.G. lim, A.Sambell and T.Viasits 
Abstract: A cavity model is used to analyse an aperture-fed nearly square circularly polarised patch 
antenna. The fonn of the aperture is that of a symmetric cross-slot that couples the excitation between 
a single microstrip feed line and the patch antenna. Using equivalent magnetic current sources at the 
slots, the modal electric and magnetic fields under the patch are obtained. and hence analytical 
expressions for the patch admittances at the aperture are derived and used to obtain an equivalent 
circuit of the circular polarised antenna. Good agreement is obtained between the circuit modelling 
and practical results. 
1 Introduction 
An aperture-coupled feed structure is known to have a 
number of practical advantages. Since the feed network 
and radiating patch are on separate substrates, both the 
thickness and dielectric properties of each substrate can be 
independently chosen to meet requirements of the feed 
network to the radiation patch. The isolation of the patch 
from the feed network by the ground plane minimises 
spurious feed radiation. A compact structure can be real-
ised using aperture coupling, and as the aperture is posi-
tioned below the centre of the patch, the symmetry ensures 
good circular polarisation [1, 2]. 
Aperture-coupled structures have been fully analysed 
using spectral domain [3, 4] and spatial solution [5] meth-
ods. These analyses can be used to examine the effects of 
the design parameters on the perfonnance of the antenna 
with good accuracy. However, these approaches are 
numerically intensive and, because of the poor convergence 
of the reaction integrals and tabulation of Green's func-
tions, can be time consuming and require expensive compu-
tations. In addition, these methods of analysis do not 
produce equivalent circuit models which are suitable for 
small-scale CAD computations. 
Although not as rigorous as the above full-wave analy-
ses, the cavity model [6, 7] can readily be used to derive 
equivalent circuit models of the antennas for implementa-
tion of small-scale CAD. It has been shown that in the 
cavity model the antenna substrate thickness must be much 
less than the free-space wavelength [8], a condition 
nonnally satisfied in the design of microstrip patch antenna 
structures. 
In this paper the cavity model has been used to model a 
circularly polarised nearly square patch antenna, excited 
using a microstrip feed line via a symmetrical cross-slot 
© IEE. 2001 
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[1, 2, 9]. In contrast to a single slot structure the cross-slot 
structure allows the use of slot length greater than half the 
patch width; hence the matching condition is maintained 
over a wider bandwidth. In addition, the equal cross slots 
provide symmetry of excitation of the patch and ensure 
generation of circular polarisation with good axial ratio 
[2, 10]. An equivalent circuit model has been derived and 
used to determine the input impedance of the antenna and 
further, based on the derived equivalent circuit the condi-
tions for producing a good axial ratio are also examined. It 
is shown that there is a close agreement between the practi-
cal results and those predicted by the cavity model 
approach. 
2 Field distribution 
The structure of the antenna using a symmetrical cross-slot 
is shown in Fig. 1, where it is assumed that the electric field 
distribution in each of the two orthogonal apertures is in 
the fonn of a single piece-wise sinusoidal mode [3]. The 
electric field in the aperture parallel to the y axis has only 
an x-directed component Eax> given by 
=0, 
a-Wa < X < a+Wa 
2 - - 2 
b-La < y < b-La 
2 - - 2 
z=o 
otherwise 
(1) 
where Vo is the voltage at the centre of the aperture paral-
lel to thtyaxis and ka is the wave number of the aperture 
determined by Cohn's method [11]. Similarly, the electric 
field in the aperture parallel to the x axis has only a y 
component Eay given by 
E = ~ sin[ka ( ¥-1x-~1)] 
ay Wa sin(ka T) 
a-La < X < a+La 
2 - - 2 
b-Wa < y < b-.Wa 
2 - - 2 
Z=O 
otherwise 
=0, (2) 
where Vox is the voltage at the middle of the aperture paral-
lel to the x axis. 
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Fig.1 Design parameters of cross-aperttue coupled microstrip antenna 
a = 32.1mm, b = 34.5mm, W = 4.724mm, Los = 9mm, La = 18mm, Wa = 2mm, 
Era = 2.33, Erf= 2.33, da = 3.15 mm, dr= 1.575 mm, </Is = ± 45° 
The cavity models [121 assumes that the tangential 
magnetic field at the cavity side walls is zero to a good 
approximation, and, by the equivalence principle [12], the 
magnetic currents in each of the two apertures just above 
the ground plane are then given by 
Ma x = - 2Eay (3) 
and 
M ay = 2Eax (4) 
y 
x 
Fig. 2 Equivalent magnetic currents replacing electric fields in aperttue 
The equivalent magnetic current density excitation is 
assumed to be uniformly distributed in the cavity volume 
above the slot [131 as shown in Fig, 2, The corresponding 
current densities 1mx and Jmy in the aperture cavities are 
therefore given by 
= 0, 
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a - L a < X < a+ L a 
2 - - 2 
b- W " < Y < b+.Wa 
2 - - 2 
o ~ z ~ da 
oth erwise 
(5) 
and 
J
m 
= ~ sin [ka( ~ -IY-~I)l 
Y daWa sin(kalit ) 
a - W a <:1: < a+ W a 
2 - - 2 
~ < Y < b+L g 
2 - - 2 
o ~ :: ~ da 
= 0 , oth er-wi 
(6) 
The magnetic field H inside the cavity volume due to the 
magnetic current density 1m is given by M axwell 's equation 
\l x \l x H - k 2 H = - jWJ.l.o J m (7 ) 
For the magnetic fields H x> H y which only have x and y 
components, eqn, 7 reduces to the following two differen-
tial equations: 
a2Hy a 2H x 2 . 
axay - ay2 - k Hx = - ]W/-LoJmx ( ) 
(9) 
The solution of the above differential equations can be 
expressed in the follOwing eigenfunction expansion form 
Hx = L L B x,mn 'l1 x,mn (10) 
m n 
H y = L L B y,mn 'l1 y,mn (11) 
m n 
where B x,mn and By,mn are the unknown mode coefficients 
and 'f' x,mn and 'f' y,mn are the eigenfunction of eqns , 8 and 9. 
The eigenfunction must satisfy the associated homogenous 
equations and hence 
a2 'l1 x ,mn a2'l1 y,mn 
- kmn 'l1 x,mn = 0 (12) 
axoy ay2 
a2 'l1 y,mn o2'l1 x, mn 
- kmn'l1 y,mn = 0 (13) 
ox oy ay2 
where k mn are the associated eigenvalues. The boundary 
conditions on the four magnetic walls are 
'l1 x,mn = 0 at y = 0 and y = b 
'l1 y,mn = 0 at x = 0 and x = a (14) 
The eigenfunctions are given by 
with 
'l1 x,mn = Amn .kn. cos(kmx) sin (kny) 
'l1 y,mn = Amn. kn . cos(kny) sin (kmx) 
(15 ) 
(16) 
Jxmxn h _ _ { 1 Amn = ~, w ere Xp - 2 if p = 0 if p -I- 0 (17) 
and 
m.n 
km = --, 
a 
n.n 
kn = - b- (18) 
The mode coefficients B x,mn and By,nm can be found by 
substituting for H x and H y from eqns , 10 and 1,1 into the 
non-homogeneous differential eqns. 8 and 9 to grve 
L L Bx ,mn (k~n - k2) 'l1 x,mn = -jwEJmx (19) 
m n 
and, 
L L By,mn(k~n - k2) 'l1 y,mn = -jWEJmy (20 ) 
m n 
Multiplying eqn. 19 with the mode functio~ 'f' ,,<. md and 
eqn. 20 by 'I' y,m rf and integrating over the caVIty volume of 
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a b 
L L Bx,mn(k;'n - k2) 1 1 Wx,mn Wx,m'n,dxdy 
m n 0 0 
a b 
= -jwc 1 1 JmxiIlx,m'n,dxdy 
o 0 
and, 
a b 
(21) 
LLBy,mn(k;'n _k2) 1 1 Wy,mniIly,m'n,dxdy 
m n 0 0 
a b 
= -jwc 1 1 JmyiIly,m'n,dxdy (22) 
o 0 
The orthogonal properties of 'II X,IIHl and 'II Y.IIHl are 
hence 
a b 1 1 iIlx,mn iIlx,m'n,dxdy 
o 0 
= { Ok~ if m = m' and n = n' 
otherwise 
a b 1 1 iIly,mn Wy,m'n,dxdy 
o 0 
= { Ok:n if m = m' and n = n' 
otherwise 
a b 
(23) 
(24) 
JWc 11 Bx,mn = (k2 _ k~n) . k; Jmx W x,mndxdy 
o 0 
(25) 
a b 
By,mn = (k2 _ ~~:) . k~ 1 1 JmyiIly,mndxdy 
o 0 
(26) 
Substituting for JI1IX' Jmr 'II X,IIHl and '¥Y.IIHl integrating 
eqns. 25 and 26 gives 
-jwc:.Amn Vox 
Bx,mn = d k . (k2 - k2 ) 
a n mn 
4 sinc (kn ~ ) sin (T) cos (T) . 
sin (ka L2a ) 
ka [cos (km -?) - cos (ka -? ) ] 
k2 - k2 a n 
(27) 
(28) 
With the known mode coefficients the components of the 
magnetic field in the patch cavity are given by 
lEE Proc.·MJcrow. Antennas Propag., Vol. 148, No.3, June 2001 
Hx = LLAmnBx,mnkneos(kmx)siIl(knl/) (:29) 
m n 
m n 
(30) 
Finally the electric field Ez can be determined from the 
Maxwell equation 
E __ 1_ [dHy _ dHx] 
z(x,y) -. d d JWc x y (31) 
giving 
where 
Cmn = Bx,mnk~ - By,mnk~ (33) 
Hence, the electromagnetic fields in the volume of the 
patch are now known and defined byeqns. 29, 30 and 32. 
The losses in the cavity can also be taken into account by 
replacing k by an effective wave number [51 
(34) 
where Deff is the effective loss tangent, which includes the 
radiation and copper dielectric losses [14]. 
3 Input impedance 
The admittances of the patch of the two orthogonal aper-
tures can be evaluated using the energy conservation theo-
rem [12] and are given by 
J J J Hx J:nx dv 
V 
Yx,ant = !Vox 12 
J J J HyJ:n ydv 
and Yy,ant = V !voyl2 (35) 
Substituting the expression for the magnetic field from 
eqns. 29 and 30 and the magnetic current density from 
eqns. 5 and 6, and performing the integration, the follow-
ing analytical formulas are obtained for the admittance 
values of the antenna at the apertures: 
""' 16· jwc . A2 
Yx,ant = L L-- d ((k*)2 _ k:n) . 
m n a mn 
{ 
sine (kn ~ ) sin (T) cos (T) . 
sin (ka 1t) 
ka [cos (kmlt) -cos (kalt)] }2 (36) 
k2 - k2 a m 
16· jwc· A~n 
Yy,ant = L L d ((k*)2 _).;2 ). 
m n a nlTl 
{ 
sine (km ~ ) sin (T) cos (T) . 
sin (ka ~) 
ka [cos (kn ~) - cos (I.-a ~ )]}2 (37) 
k2 - k2 a n 
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.J.. ~"'&. =1LIi~"'"UmilH.t!il:l1liUi:: lJ)l me <!ll~trerrmne ~~ IOJIDJTSlllJrled by consider-
mg It as two short-circuited slot lines of length L)2, and, is 
thus given by 
ap = -- cot ka -Y 2j (La) Zea 2 (38) 
Finally, the input impedance of the antenna is given by the 
following expression: 
n 2 n2 
Zin = + - jZf cot(kf L os) 
Yx,ant + Yap Yy ,ant + Yap 
(39) 
where n is the turns ratio of the microstrip to aperture 
impedance transformation for the two orthogonal aper-
tures, kris the wave number of the feed line [10, 13]. 
~ 
E ;; 
:>. :>. a: a: 
~ 
E 
J" 
Fig.3 Equivalent circuit based on cavity model 
4 Equivalent circuit 
Using the developed analytic expressions (see eqns. 36 and 
37) for the patch admittances at the apertures, it is possible 
to draw an equivalent circuit of the cross-aperture coupled 
CP antenna based on the cavity method as shown in Fig. 3. 
Eqns. 36 and 37 can be written in the form 
Y - LL 16·jwc·A~n . 
x,ant - rn n da[w 2 - w~nl (1 + j6ef f w1~n) 
{ 
sinc (kn ~ ) sin (¥) cos (¥) . 
sin (ka ~a ) 
ka [cos (krn l:t) - cos (ka L2a )] }2 
k2 _ k2 (40) 
a rn 
Each of these formulas corresponds to the expression of the 
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admittance of m x n series RCL circuits, which are all 
connected in parallel (see Fig. 3) . The equivalent circuit of 
th: patch admittance, as seen by the slot parallel to the y 
axIS , have the following circuit elements: 
L _ da 
x,rnn - 16 2A2 
CC mn 
{ 
sinc (kn ~ ) sin (¥) cos (T) . 
sin(ka ~a ) 
ka [cos (km ~ a) - co 
p - p 
a m 
(42) 
Similarly, the equivalent circuit of the patch, as seen by the 
slot parallel to the x axis, have circuit elements: 
L _ da 
y,rnn - 16~ 2A2 
cC mn 
{ 
sinc (km ~ ) sin (T) cos (¥) . 
sin (ka L2a ) 
2 
ka [cos (kn ~) - co (ka ~ )] } 
k2 - k2 a n 
(43) 
5 Axial ratio 
F or the calculation of the axial ratio, the far field compo-
nents of the antenna are first determined in the boresight. 
This is performed by replacing the electrical field at the 
edges of the patch by equivalent magnetic currents as given 
by [15] 
M = 2da . Ez(x,y) . Z x n (44) 
where n is the outward normal unit vector to the magnetic 
wall at the edges of the patch. Substituting the expression 
of the electric field from eqn. 32 gives the follOwing values 
of magnetic currents at the four edges of the patch: 
j\;fx(x ,y=O) = j~c L L ArnnCrnn cos(kmx) (45) 
m n 
M x(x,y=b) = - j~c L L AmnCmn cos(krn x ) . (_ I )n 
Tn n 
(46) 
My( x=o,y) = j~c L L ArnnCrnn cos( kny) (47) 
m n 
M ( _ ) = - da '" '" ArnnCmn cos(kny)· (_ l )Tn y x-a ,y JWc ~ ~ 
Tn n 
(4 ) 
The electrical field E(i} caused by an infinitesimally small 
magnetic current element (dlv!) is obtained as 
jkoe- jko r 
E ( r) = . r x dM ( ~ ) 
47fT 
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~ll1wll®c21 itlEre c. c.... .'''' . c c". • 
, .. . ~c c _tt Y~lI'lOX01~~ ciBrnmm fue magnetic 
current element to the observation point and r is the 
distance between the magnetic current and the observation 
point. The electric field radiated by the patch is obtained by 
integrating eqn. 49 along the edges of the patch. In the 
boresight, the components of the electric field are there-
fore, given by , 
. b 
dakoe-Jkor J ( 
Ex = 47rWcT' L L AmnCmn cos(kny)· 
o m n 
(~1)= ~ ~~AmnCmnCOS(knY)) dy 
(50) 
d koe-jkor Ja ( 
Ey = a 47rWcT' L L ArnnCrnn cos(kmy) 
o m n 
- L L AmnCmn cos(kmy) . (_l)n) dx 
m n 
which simplify to 
where, 
Therefore 
m n 
m n 
{ B 0 if m odd CmO = 0- y,m if m even 
{ B 0 if n odd COn = 0 x, n if n even 
d k e-jkor E - a 0 ~A B 
x - 47rwcr . L..J rnO y,mO 
m 
d k e- jkor E - a 0 ~Ao B y - 47rWcT . L..J n x ,On 
n 
(51) 
(52) 
(53) 
(54) 
(55) 
(56) 
(57) 
The expressions for Bx,on and By,nIJ can be written in the 
following form: 
Bx,on = Vox . B~,on 
By,mO = VOy . B~,mo 
where 
B' _ jwc.Amo 
x,On-dk .(k2 -k2 ) ann 
4 sine (kn ~ ) sin (T) ka [1 - cos (ka ~ ) ] 
sin (ka ~a ) k~ 
B' _ jwc.Aon 
y,mO - d k . (k2 - k2 ) 
a n m 
4 sine (krn ~ ) sin (T) ka [1 - eos (ka ~ ) ] 
sin (ka L2a ) k~ 
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(58) 
(59) 
(60) 
(61) 
From the equivalent circuit, the voltages " and " be expressed as vox vox can 
Vox = Vo _ (Yx,ant + Yap)-l 
(Yx,ant + Yap) 1 + (Yy,ant + 1 ~p)-l 
(62) 
VOy = Vo . (Yy,ant + 1 ~p)-l 
(Yx,ant + Yap)-l + (Yy,ant + Yap)-l 
(63) 
S~bstituting these results into the expressions for the elec-
tric field components in the boresight gives the computa-
tional formulas for the field components E and E x y 
Vodakoe-jkor 
Ex = . 
27rwcr 
(Yx,ant + Yap)-l '"'"', 
(Yx,ant + Yap) 1 + (Yy,ant + Yap)-l . L AmOBy,mO 
(64) 
and 
Vodakoe-jkor 
E y = . 27rwcr 
(Yy,ant + Yap)-l L 
(Yx,ant + Yap)-l + (Yy,ant + Yap)-l' AOnB~,on 
(65) 
The amplitude error (Ae) and phase error (<1» required for 
the calculation of the axial ratio can be expressed as 
A. = IExl = iY"on! + Yo,1 .I~ AmoB~,=ol 
JEyJ IYx,ant + YapJ \'" A B' \ 
(66) 
w On x,On 
n 
<Pe = L ~ = L y,ant + ap. rn ' (
E ) (1': 1': 1:: AmoB~ rno) 
Ey Yx,ant + Yap ~ AonB~,on 
(67) 
Finally, the value of axial ratio is calculated by [12] 
AR= 
1 + A; + [1 + A! + 2A; COS(2<Pe)]1/2 
1 + A; - [1 + A! + 2A; COS(2<Pe)]1/2 
(68) 
Eqns. 66 and 67. based on the resonant cavity model. 
provide a numerical means of determining the axial ratio of 
the cross-aperture coupled patch antenna at a given 
frequency when the design parameters shown in Fig. 1 are 
known. 
6 Comparison of cavity method, full wave 
simulation and experimental results 
The input impedance of the antenna with the dimensions in 
Fig. 1 has been calculated over a frequency range of 2.25-
2.7GHz. It can be seen from Fig. 4 that the comparison 
for the input impedance between cavity model. full wave 
simulation Ensemble® [16] and experimental results are in 
good agreement. The impedance loci with the double reso-
nance loop corresponding to the orthogonal modes also 
demonstrates that good circular polarisation has been 
achieved. Calculated resonant frequency from the cavity 
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experimentally and from full-wave simulation. 
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Fig.4_ Input impedance of cross-aperture coupled anterma Fig. 1 
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Fig.5 Axial ratio of cross-aperture coupled antenna Fig. 1 
........... cavity model 
-- full-wave simulation 
- - - experimental results 
The axial ratio (see Fig. 5) has also been evaluated using 
the cavity model, simulated using Ensemble and practically 
measured. The prediction of the frequency for the best axial 
ratio is accurate to about 2% while that prediction of the 
axial ratio bandwidth is within the range of 10%, when 
compared with experimental results. 
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7 Conclusions 
Based on the cavity model of the equal cross-slots struc-
ture, this paper has presented a theoretical analysis to 
determine the modal fields under the patch antenna. Using 
these fields an equivalent circuit of the antenna has been 
derived which is then used to determine the input imped-
ance and the axial ratio of the circular polarised antenna. 
This cavity model has been used successfully to design a 
circular polarised impedance matched antenna. 1be results 
based on the cavity model show a good agreement with 
full-wave simulation and practical results. 
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t'enormance OT 4 X 4 sequentlany rotated 
patch antenna array using series feed 
H. Evans, P. Gale and A. Sambell 
~ new 4 x 4 sequentially rotated patch antenna array using an out-of-
lme senes feed network is presented. The use of a series feed is sh 
. . own 
to mcrease mput impedance bandwidth and axial ratio bandwidth 
compared with a co~orate feed when used in this sequentially rotated 
array. Performance IS confirmed .by full-wave simulation and experi-
mental.measurement, demonstratIng a voltage standing wave ratio 2:1 
bandW1dth of 14.7% and a 3 dB axial ratio bandwidth of 12.4%. 
Introduc~on: Microstrip arrays, due to their very thin profiles, offer 
three mam adv~ntages over ot~e~ types of antenna array: low weight, 
low profile WIth conformabIhty and low manufacturing costs. 
However, these advantages are offset by inherent limitations such as 
small bandwidth «5%) and relatively high feed line losses [1]. 
Sequential rotation of radiating elements has been shown to increase 
the input impedance bandwidth, polarisation purity and the radiation 
pattern symmetry of microstrip patch anterma arrays [2]. Much work 
has since been undertaken on the design and application of sequential 
rotation using a corporate feed network [3-5]. 
Within a traditional corporate feed network, both power splitting and 
excitation phase remain equal away from design frequency, as the 
distance from each radiating element to the feed point is equal. This is 
no longer the case when a corporate feed is used in a sequentially 
rotated array because of the delays in excitation that are required to 
compensate for the physical rotation of each radiating element. 
Series-fed patch antenna arrays have the advantages of being less 
complex, requiring less real estate and often having lower loss than 
corporate feed networks. However, it is more problematic to maintain 
equal excitation amplitude and phase away from the design frequency. 
Despite these disadvantages, practical designs have been shown to 
demonstrate very good performance [6]. 
In this Letter we present a new series-fed 4 x 4 anterma array 
constructed from sequentially rotated 2 x 2 sub-arrays that demon-
strates improvement in both input impedance and axial ratio bandwidth 
over the same array using a corporate feed. This array has been used as 
part of a high-speed two-way digital communication link between a 
moving vehicle and a roadside beacon in a commercial traffic manage-
ment system. 
Fig. 1 Configuration of 4 x 4 sequentially rotated antenna array with dual 
feed radiating elements and series feed 
Array configuration: The 4 x 4 circularly polarised sequentially 
rotated patch antenna array is shown in Fig. 1. Non-isolated dual 
feed circular polarised radiating elements with an input impedance of 
50 Q [7] are spaced at 0.74A. These radiating elements are sequen-
tially rotated to form the 2 x 2 sub-arrays using the design parameters 
detailed in [8]. Both power splitting and the necessary phase delay in 
ea~h element's excitation are achieved using an out-of-line series feed. 
Usmg the same series feeding technique, each 2 x 2 sub-array is then 
sequentially rotated to form the 4 x 4 array. 
The feed.n~ork needs to ensure correct excitation phase and equal 
~wer dIstrIbU~lOn to each patch while maintaining impedance match-
mg at the design frequency. These constraints do not uniquely define 
~alues. fo~ the impedance elements within the feed network, allowing 
mvestIgatIOn of solutions with other desirable features. As no closed 
form ~~ression exists, an adaptation of simulated annealing was used 
to optInuse the feed network for minimum track width [8]. 
Results: A comparison between the series and corporate feed has 
been made using a parallel RLe circuit (assuming an unloaded Q of 
47) to represent each orthogonal mode of radiation for each radiating 
element and calculating the return loss and axial ratio using standard 
transmission line theory [9]. From Fig. 2 it can be seen that the 
calculated voltage standing wave ratio (YSWR) 2:1 bandwidth of the 
series-fed array is almost twice that of the array using the corporate 
feed described in [4], while Fig. 3 shows the calculated 3 dB axial 
ratio increases by more than a factor of2. This improvement is due to 
a more favourable phase relationship between the internal reflections 
within the series feed network away from design frequency. 
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Fig. 3 Boresight axial ratio 
____ 4 x 4 corporate-fed array calculated using transmission line theory 
. .. ... 4 x 4 series-fed array calculated using transmission line theory 
____ - 4 x 4 series-fed array simulated 
__ 4 x 4 series-fed array measured 
The series-fed 4 x 4 antenna array was fabricated using 0.79 rom 
1/2 oz RT 5870 Duroid (er = 2.33), the integrity of the design was 
confirmed using full-wave simulation [10] and practical measurement. 
A YSWR 2:1 bandwidth of 14.7% was measured between 5.38 and 
6.23 GHz as seen in Fig. 2 and a 3 dB axial ratio bandwidth of 12 4°. 
was measured between 5.44 and 6.16 GHz as seen in Fig :1. Both 
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SIInUlated and measured results are ill gOOd agreement with the results 
calculated using transmission line theory. The nonnalised radiation 
pattern of the array can be seen in Fig. 4, with the gain of the mainlobe 
measured at 18 dBi. 
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Fig. 4 Radiation pattern 
- - - - - 4 x 4 series-fed array simulated 
--4 x 4 series-fed array measured 
Conclusion: A 5.8 GHz circular polarised 4 x 4 antenna array 
composed of sequentially rotated 2 x 2 sub-arrays with a series feed 
network has been presented. The use of an out-of-line series feed 
allows a compact structure with enhanced input impedance and axial 
ratio over a corporate feed when used in this array. The perfonnance 
of the array has been confinned both by full-wave simulation and 
experimental measurement confirming a VSWR 2: 1 bandwidth of 
14.7% and a 3 dB axial ratio bandwidth of 12.4%. 
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4. NUMERICAL RESULTS 
We. straightforwardly apply the proposed algorithm to analyze a 
typICal rec~g~lar.microstrip antenna, which is shown in Figure 3. 
The eXCItation IS a point-voltage source with a wave form of a 
Gaussian pulse, which can be written as 
[ (t - to)2] Vit) = exp - r- ' (3) 
where the time step used is I1t = 0.441 ps, the pulse width T = 
15 ps, and the time delay to = 3 T. Table 1 shows the two different 
cases of s~atial-~rid s~ze tested to compare the error resulting from 
the numencal dispersIOn. The size of a unit spatial cell of Case 2 
is four times that of Case 1. 
Far-field patterns of the rectangular patch of Figure 3 are 
~lotted in Figure 4(a) and (b) for the H-plane and E-plane, respec-
uvely. The S24 results were computed with Case 2 at a far-field 
distance R > 2D2/11, for a computational domain of 86 X 42 X 
42 unit cells. On the other hand, results from the near-to-far field 
transformation technique were computed using a unit cell with 
Case 1, which is much finer than that of the S24 computation. It is 
apparent that the two patterns compare favorably and both are 
close to that of the cavity model. 
5. CONCLUSION 
The higher-order FDTD method has the advantages of lower 
numerical dispersion and its ability to maintain accuracy within an 
acceptable range. When an electromagnetic wave crosses a PEC 
boundary, the S24 algorithm must be corrected by the PEC shield-
ing process. Using the higher-order FDTD method to analyze the 
far-field pattern of an antenna allows more flexibility than the 
near-to-far field transformation technique. The methodology is 
very simple and existing computer programs can be easily updated 
by modifying only a small portion of code. 
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ABSTRA~T: A new wideband 2 x 2 patch antenna array operating at 
5.8 GHz With an out-ofline series feed is preseTlIed. Input impedance 
bandwidth and axial ratio bandwidth are shown to be significantly in-
creased for this new array, which employs a sequential rotation of se-
ries-fed, circularly polarised, aperture-coupled radiating elements. The 
array also maximises the available space on the feed substrate for mi-
crowave circuitry. A VSWR 2:1 bandwidth of 22.8% and a 3-dB axial 
ratio of 17.5% are confirmed by full-wave simulation and experimental 
measurement. © 2004 Wiley Periodicals, Inc. Microwave Opt Technol 
Lett 40: 292-294, 2004; Published online in Wiley lnterScience (www. 
interscience. wiley .com). DOl 1O.1002Jmop.1l356 
Key words: microstrip patch antenna arrays; widebaTld arrays; sequen-
tial rotation; aperture coupling; series feed 
INTRODUCTION 
Microstrip patch antenna arrays are an attractive choice for many 
modem communication systems due to their light weight, low 
profile with confonnability, ease of manufacture, and compatibil-
ity with MMIC designs. A major operational disadvantage is the 
very narrow frequency bandwidth of the radiating elements, which 
is only a few percent for a typical patch radiator [1]. 
One response to this problem is to increase the bandwidth of 
the individual patch radiators, for example, using a method of 
aperture coupling in which the radiating patch and feed network 
are implemented on different substrate materials, thus allowing a 
patch with a lower Q [2]. 
Sequential rotation of radiating elements within an array has 
also been shown to increase both radiation pattern symmetry and 
the polarization purity of microstrip patch antenna arrays. Further-
more, due to the phase delays necessary in the feed network, these 
structures also benefit from an increased input impedance band-
width, as reflections from mismatched radiating elements tend to 
cancel at the feed point [3, 4]. 
In a traditional array, a corporate feed is usually favored over 
a series feed because both the power distribution and excitation 
phase remain equal away from the design frequency, as the dis-
tance from each radiating element to the feed point remains equal. 
This is not usually the case when a corporate feed is used in a 
sequentially rotated array because of the delays in excitation that 
are required to compensate for the physical rotation of each radi-
ating element. Indeed, it has been shown that the use of a series 
feed in a sequentially rotated array can result in an improvement of 
both input impedance and axial-ratio bandwidth over a corporate 
feeding system [5]. 
This paper presents a new configuration that combines aper-
ture-coupled radiating elements with an out-of-line series feeding 
system to form a 2 X 2 sequentially rotated left-hand circularly 
polarised array operating at 5.8 Ghz. This novel combination leads 
to a compact structure with dramatically increased array band-
width. Wideband array performance is confinned by both full-
wave simulation and practical measurement. 
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Feed 
Figure 1 Configuration of the aperture-coupled patch array for left-hand 
circular polarisation 
ARRAY DESCRIPTION 
The configuration of the antenna array is shown in Figure 1. 
The choice of radiating element is a left-hand circularly po-
larised, single-feed, cross-slot, aperture-coupled, nearly square 
patch antenna that uses air for the antenna substrate [6]. An 
adaptation of the cavity model [7] was used to generate the design 
parameters detailed in Figure 2. The bandwidth of the radiating 
element can be increased further by using an aperture closer to 
resonance [8], however, this leads to more back radiation and may 
necessitate the use of another ground plane below the aperture [9] 
or a microstrip reflector element [10] to remove this unwanted 
radiation. 
Each radiating element is spaced at 0.74..\ and sequentially 
rotated 90° with respect to its immediate neighbour. The series 
feed compensates for this physical rotation by shifting the phase of 
each element's excitation by 90° while distributing the power 
equally to each element and maintaining an input impedance of 
50n at the feed point at the design frequency. As there is no unique 
solution and no closed-form expression exists, the values of the 
feed impedances are optimised for minimum track width via an 
adaptation of simulated annealing [11]. 
As the feed network and radiating patch are implemented on 
separate substrates, both the thickness and dielectric properties of 
each substrate can be optimised independently in order to accom-
modate their conflicting requirements. While the thin feed sub-
strate has a permittivity of 2.33, the thicker antenna substrate (air) 
has a lower permittivity of 1, thereby reducing spurious radiation 
from the feed and increasing the bandwidth of the radiating patch. 
The cross aperture is positioned below the centre of each patch, as 
this excitation symmetry helps to maintain good polarisation pu-
rity. The patch is isolated from the feed network by a ground plane, 
thus minimising the contribution of spurious feed radiation to the 
main radiation pattern, shown to be a potential problem in sequen-
tially rotated arrays [12]. Using single-feed aperture-coupled radi-
ating elements within an array excited by this compact series-feed 
network also maximises the space available when incorporating 
microwave circuitry on the low-loss feed substrate. 
FABRICATION 
The feed network was fabricated using a 0.79-mm In-oz. RT 5870 
Duroid. The nearly square patches were etched onto a standard 
0.8-mm.ll2-oz. FR4 PCB radome. Using M2 nylon bolts, the 
~adome IS supported 2.6 mm above the apertures, which are etched 
mto the ground plane of the feed substrate. 
RESULTS 
The integrity of the design has been confirmed over a frequency 
range of 4.5-7.5 GHz, using both full-wave simulation [13] and 
practical measurement. Measurements of input impedance were 
made using an Anritsu 37347C vector network analyser, confirm-
ing a VSWR 2: 1 bandwidth of at least 22.8% from 5.28 to 6.6 
GHz, as shown in Figure 3(a). Measurement of boresight axial 
ratio confirms left-hand circular polarisation with a 3-dB axial-
ratio bandwidth of 17.5% between 5.44 and 6.45 GHz, as shown in 
Figure 3(b). 
The radiation pattern at 5.8 GHz is shown in Figure 3(c), and 
the gain of the main lobe has been measured at 14.25 dBi with a 
3-dB beam width of 30°. There is 14.5-dB difference between the 
main beam and side lobes seen at ±60° with nulls at 42° from 
boresight. At the extremities of the VSWR 2: I bandwidth, radia-
tion pattern symmetry deteriorates as correct power distribution 
and excitation phase deteriorate within the feed network. 
This novel array configuration is shown to increase the input 
impedance bandwidth by a factor of 2.5 and the axial-ratio band-
width by a factor of 6, compared with the monolithic 2 X 2 array 
using dual-feed radiating elements presented in [11]. 
CONCLUSION 
A new wideband sequentially rotated 2 X 2 antenna array with an 
out-of-line series feed and aperture-coupled radiating elements has 
been presented. The use of aperture coupling with this compact 
series-feed network has increased both input impedance and axial-
ratio bandwidth, while increasing the amount of real estate avail-
able for microwave circuitry. The performance of the array has 
been confirmed by full-wave simulation and experimental mea-
surement, confirming a VSWR 2: 1 bandwidth of 22.8% and a 3-dB 
axial-ratio bandwidth of 17.5%, a significant improvement over 
conventional designs. 
y 
.. 
_____ '--__e__ x 
Figure 2 Radiating element design parameters a == 15.3, b == 17. 1. 
Ls = 12.5, Ws = I, Los = 4.8, Wf= 0.5, hi = 0.79, 112 = 2.6. h3 == 
0.8 (all dimensions in mm) 
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ABSTRACf: It is shown that a significant improvement in the radiation 
pattern stability with frequency can be achieved for the wideband planar 
monopole antenna. This is realised by the addition of a second orthogonal 
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INTRODUCTION 
As present and future digital communications systems develop. the 
demand on antenna parameters also increases. Heavy demands 
have been placed on antenna size. bandwidth, gain, patterns. and 
intennodulation perfonnance. The quarterwave monopole antenna 
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